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ABSTRACT

The mechanism of the corrosive action of sulphate reducing
bacteria of the genus Desulfovibrio towards ferrous metals has
been investigated. This corrosive action is anomalous when
considered in the light of established knowledge of corrosion
processes, since it occurs in the absence of oxygen, at more or

less neutral pH values and at ordinary ambient temperatures.

The uypothesis of von Wolzogen Kuhr and van der Vlugt,
published in 1934, proposing that enzymic catalysis of sulphate
reduction by cathodic « arge constituted a "cathodic depolarizing"
process, which appears »> be widely accepted as the most likely
r~+hanism for this corrosive effect, is evaluated critically here
in the light of established electrochemical and biochemical
knowledge. The theoretical arguments presented in this thesis
show that this process, if it does occur, is unlikely to affect

corrosion rates.

The experimental results presented here indicate that all
cathodic depolarizing activity demonstrated in pure cultures of
these organisms is attributable to the cathodic activity of
dissolved hydrogen sulphide produced by the organisms. The
conclusions of other workers, quoted in support of proposed
enzymic catalysis of charge transfer from cathodes to redox dyes
in laboratory systems, are considered, in view of experimental work
performed during this investigation, to be a misinterpretation of

experimental results.

Based on these observations a mechanism is proposed, accounting
fo corrosion rates observed in natural environments, and is

presented in terms of formal electrochemical reasoning.



ACKNOWLEDGEMENTS

I wish to acknowledge and express my sincere appreciation for the

valuable assistance received from the following

PROFESSOR E.C. LEISEGANG, Head, Department of Theoretical
Chemistry, University of Cape Town, for his guidance and

supervision during the fulfilment of this research project.

COMMANDER W.J. COPENHAGEN for his active interest in the

progress of the research and for his encouragement generally,

DR. C.E. BIRD, Head of the Corrosion Research Division,
National Chemical Research Laboratory, for his co-operation °
in the completion of this work and for editing the final

draft of the manuscript.
MR. D. SANAN for his assistance with the experimental_procedures.

THE COUNCIL FOR SCIENTIFIC AND INDUSTRIAL RESEARCH for the
granting of financial assistance and for facilities made

available.

JILL, my wife, for her inspiration and enthusiasm and for:

the typing of this manuscript.



CONTENTS

Page No.
CHAPTER | :  INTRODUCTION : !
1.1, The economic and ecological import of the
» problem. 1
1.2, Metals affected, rates of corrosion and
distribution of attack. 2
1.3. The position of the problem among the
sciences.
1.4, The aims of this study.
CHAPTER 2‘ : ELECTROCHEMICAL CONSIDERATIONS 7
2.1. Single electrode process v 8
2.2. - Single electrode systems at equilibrium 12
2.3. Single electrode systems not at equilibrium 14
2.4.  Real electrochemical reactions : multi-
| step reactions. 17
2.5, . Corrosion systems : systems of two or more
interacting electrode processes. ' 21
2.5.1. A simple activation-controlled
model : ‘ ' 21
2.5.2.  Concentration polarizatioﬁ at the
cathode ' 25
2.5.3. Anodic passivity. 29
CHAPTER 3 : THE SULPHATE-REDUCING BACTERIA _ "~ 30
3.1. The sulphate-reducing habit 30
3.2. The ecology of the sulphate—reducing bacteria 33
3.3. - The taxonomy of the dissimilatory sulphate-
fedhcing bacteria : 35
3.4. The nutrition of the dissimilatory sulphate-

reducing bacteria : 35



CHAPTER 4

4.2,

4.3.

CHAPTER 5

5.1,
5.2.

5.3,

5.4.

: EXISTING THEORIES OF THE MECHANISM OF

'CORROSION CAUSED BY SULPHATE-REDUCING
BACTERIA.

Theory developed before the introduction
of polarization techniques (the period
1934 - 1959). '

The period following the introduction of
polarization techniques (the period 1959

to ‘the present)

'4.2.1. Biological cathodic depolarization

mechanism studies.

'4,2.2. Studies of corrosiveness of the

sﬁlphides of iron.

Summary of theory presented to date

A CRITICAL APPRAISAL OF THE VON WOLZOGEN
KUHR - VAN DER VLUGT MECHANISM

Thermodynamic considerations
The kinetics of cathodic reactions on iron

and the von Wolzogen Kuhr - van der Vlugt

‘mechanism.

5.2.1. Can reaction 4.5. supply sufficient

hydrogen ion to permit the von

Wolzogen Kiihr-van der Vlugt depolar-

ization reaction to proceed at current

densities observed in polarization
experiments?
5.2.2, The kinetics of cathodic reactions

on irom.

Is reaction 5.1. the cathodic reaction in
SRB corrosion?
Summary of chapter and outline of écope of

experimental work to be conducted.

42

43

51
59

64

66

70

72

73

74

82

88



CHAPTER

6

6.1.
6.2.

. 6.3.

CHAPTER

CHAPTER

6.4,
6.5.

6.6.

7.1.
7.2,
7.3.

7.4,

8.1.

THE ORGANISMS STUDIED : THEIR ENRICHMENT,
ISOLATION AND MAINTENANCE CULTURING.

P

-Enrichment culture

- Purification procedures

6.2.1.  The "stab tube" method of Postgate
6.2.2. The agar plate method of Iverson

6.2.3. The dilution method of Sisler and

Zobell

Criteria of purity

6.3.1. Contaminant testing

-6.3.2. Microscopy

6.3.3. . Periodic checks for purity

Taxonomic criteria

The organisms used in experimental work and
their sources _
Maintenance éﬁlture and the growth of

experimental cultures

ELECTROCHEMICAL METHODS

Electronic. equipment _
The polarization cell and electrodes used
The working electrode assembly

Calibration of the polarization system

- using hydrogen ion diffusion currents.

CATHODIC POLARIZATION STUDIES IN CULTURES OF
SRB : DEMONSTRATION OF CATHODIC DEPOLARIZATION

ACTIVITY AND PRELIMINARY OBSERVATIONS RE-
GARDING THE ACTIVE SPECIES. ‘

Demonstration of cathodic depolarizing

activity in experimental cultures..

90
90
91

91
92

92
94

94
94

95

95

96

97

99

99
100
101

103

107

108



8.2.

' 8l3l

8.4,

CHAPTER 9

9.2,

9.3‘

Retention of depolarizing activity in cell~-

free centrifugates

. The influence of hydrogen ion and dissolved

_oxygen on cathodic polarization curves.
: f

i

8.3.1. Hydrogen ion
8.3.2. Dissolved oxygen

Conclusions drawn from preliminary

experiments

THE CATHODICALLY-ACTIVE SPECIES

The electrochemical characteristics of the -

‘depolarizing species

9.1.1. Experiments with culture HIL

9.1.2, Other cultures

The identity of the depolarizing species

9.2.1. Theoretical considerations concerning

 the possibility of catalysis of the

hydrogen evolution reaction by

hydrogenase enzyme

,9.2.2. - Dialysis experiments

9.2.3. The'possible r6le of cysteine in
depolarization

9.2.4. Inhibition experiments

The cathodic activity of dissolved sulphide

species

9.3.1. The species present and possiblé
cathodic reactions

9.3.2. vCathodic polarization experiments

110

11

111
113

116

117

118

118
121

122

123
126
128
130

132

132
135



CHAPTER 10

10.1.

10.2.

10.3.

CHAPTER 11

11.1.

AN EXPERIMENTAL INVESTIGATION OF THE

VON WOLZOGEN KUHR - VAN DER VLUGT
HYPOTHESIS.

Cathodic polarization experiments performed
in cultures and in cell suspensions in the

presence of sulphates

Experiments performed in media containing
redox dyes

An alternative explanation for cathodic

depolarization effects observed in the

presence of redox dyes and enzyme

preparations

THE MECHANISM OF THE CORROSIVE EFFECT OF
SULPHATE-REDUCING BACTERIA

The anodic behaviour qf mild steel in SRB
cultures _
The anodic behaviour of mild steel in

sulphide solutions

" The properties of iron sulphide corrosion

products
A proposed corrosion mechanism

Recommendations for further research

GLOSSARY

REFERENCES CITED
TABLES
APPENDICES

FIGURES

140

141

144

146

153

154

156

158

162

167



1.

1

CHAPTER ONE

INTRODUCT ION

The economic and ecological import of the problem

It is widéiy recognised by those concerned with the study and
the preQention of.metallic corrosion that suiphate-reducing bacteria
considerably-aCCelerate the deterioration of metals by corrosion ip
certain environments. Much experimental work has been devoted to
the study of this problem during the past forty years, and the
knowledge avai1a51e~on thé subject has been prominently review¢d1'4.
Accelerated corrosion of iron, steel and other metals, takes place
when they»are in contact with»actively gréwing organisms of the
genus Desulfbvibrio. Species.of thié group of bacteria, character-
istically anaerobic, are ubiquitoﬁs, and have caused damage to metals
in soils, lakés, seas, rivers, harbgurs, oil-wells, indﬁstrial cooling

systems, fuel tanks and sewerage systems.

The evaluation of financial losses resulting from corrosibn
processes is difficult because of the need to assess such primary
losses as initial cbsts of materials, the costs of design, fabrica-
;ion and maintenance, as weli'as secondary losses such as loss of
production time, spoilage of products, and repair costs. It has
been estimated however, that sulphate-reducing bacteria,‘in acceler-
ating the corrosion of iron and steel pipe in undergrqund enﬁironments,
are responsib1e for losses of hundreds of millions of dollars annually

in the U.S.A.5'6;.and tens of millions of pounds annually in Britain .



¢

Since these organisms are responsible for accelerated corrosion in
a far wider range of situations than the deterioration of buried

iron and steel pipe, it must be concluded that they are responsible

~ for much greater economic losses than these.

In the Republic of South Africa, awareness of this type of

corrosion is increasing, and instances have been recorded in sea

water-, fresh water—, and underground environments®~!'?,

Metals affected, rates of corrosion and distribution of attack

Iron alloys (mild steel and cast iron) are the metals most
coﬁmoniy affected by accelerated corrosion caused by»sulphate;
reducing bacteria, these meﬁ#ls being widely used in
environments suitable for ;ctive growth.of these organisms (anaerobic
soil environments). In Squﬁh Africa, perforation of galvanized
(zinc-coated) steel pipes by corrosive attack by sulphate-reducing
bacteria has also frequently been observed®, particularly in clay
soils, where failures of this type after a two-year service life are

common.

In recent years much evidence has been presented that corrosion
of aluminium and its alloys is often due to the action of sulphate-
reducing bacteria1"17. This is of pérticular importance to the
aircraft industrj, as cases of perforation of aluminium alloy air-_
craft fuel tanks have been attributed to the action of these organisms.

Where tanks are an integral part of an aircraft wing structure,; the

danger of this type of corrosion may be extreme.



It is a common observation that the corrosion rate of iron in
neutral de-aerated waters is negligible, and that the corrosion rate
of steel in water increases linearly as the oxygen content is rai;edla.
In most aqueous environments, highest corrosion fates are observed

‘where oxygen has ready accesé to the metal-environment interface.
In anaerobic eﬁvironments where sulphate-reducing bacteria are active
however, oxygen is absent, acids are absent and yet corrosion rates
are many times higher than in well-aerated, neutral aqueous environ-
ments. Tablé I contains some rates of penetration of mild steel
recorded in the presence of sulphate-reducing bacteria. Some rates
of‘penetrétion of iron and steel\in other corrosive environments are
includgd for the purpose of comparison. It is apparent that the
rates of pgnetration recorded invthe presence of sulphate-reducing
bacteria (cases 4,5,6,7,8,9,11 and 12) are considerably higher than
any rates recorded in more or less neutral aqueous environments in
the absence of these organisms (cases 1,2 and 3). The ﬁighest rate
of penetration recorded in the presence of sulphate-reducing bacteria
(case 12) is greater than the rate of penetration of iron in 1-M

hydrochloric acid (case 10).

Values of % given in the table are calculated values of
corr

corrosion current, assuming an electrochemical corrosion mechanism.

These will be used later in mechanism discussions.

Attack on metals in the preéence of sulphate-reducing bacteria
is usually localised at points on the metal surface and takes the
form of pitting to perforation rather than a general thinning. Pits

are generally stéep—sided and contain a black, loosely-adherent



depoéit of sulpﬁides.of iron, which on dislodgement reveals bright
corroded metal. Figures 1 and 2 illustrate two typical cases of
attack by sulphéﬁe-redﬁcing bacteria in sea water environments.
Figure 1 shoﬁS“tﬁe perforation of the mild ;téel sea water intake
pipe of a condenser systém in which harbour=water was used as a:
coélanﬁ. At the point ofvperforation'shown, no corrosiqn was visible
until probing'of the apparently intagt coal-tar epoxy paint coating
revealed perforafion_of the metal beneath, indicating that the
organisms had penetrated a discontinuity (pin-hole) in the paint
coating and cauéed accelerated attack of the underlying steel.
Figure 2 shows a perforated qondenserntube from the same system,

In this casé, anaerobic silt rich in sﬁlphate-reducing orgaﬁisms
had settled on the lower surface of thelhorizontal tube. The per-
forations illustrated in Figures 1 and 2 took place ih>periods of
ten and seven months respectively, and the correspohdingvcorrosion

rates are entered as cases 11 and 12 of Table I.

The position of the problem among the sciences

Corrosioﬁ is a common phenomenon in nature and as such it has
been subject to observation and definition by individuals whose
methods of descriptioﬁ are based in a number of scientific dis¢i~
plineé. Broédly, corrosion is the transformation of metal or alloy,
used as a material of construction, from the metallic tO’fhe non=-
metallic or combined state by interaction with the envirdpment.
Generally, the metallic structure is brought into being by the
combined agenciés.of chemists, metallurgists and engineers. The

transformation to the norn-metallic or combined state is most simply



describable as a cﬁemical reaction. - It is axiomatic thus, that
corrosion reactions are thermodynamically predictable, and may be
studied by the methods of chemical thermodynamics and kinetics.
Ultimately, some model of the reacting system at the atomic or
molecular‘level may be constructed. This information may then be
nut to use in predicting methods of control of corrosion reactions,
andlprolonging the useful lives of metallic structures. The fruits
of such an approach to the study of corrosion are evident in the
successful development of corrosion—-resistant alloys,.cethodic
_protection techniques, the use of chemical corrosion inhibitors,
corrosion resistant surface treatments for metals, and several other

‘useful preventative and protective procedures.

Corrosion ofvsteeisvin the presence of sulphate-reducing
bacteria has been the subject of research, during the past forty years,
of workers trained in various scientific discipiines. In this case,
aggressive bacteria form part of the corrosive environment, and thus
in order to describe and study the environment thoroughiy; the methods
of microbiology end biochemistry must be invoked. The combination
of these disciplines witn'physical chemistry and metallurgy in studying
this problem has inevitably led to bias, in one.or the other direction,
in the design of experiments and their interpretation. Among the
nnfbrtunate'consequences of such an apﬁroachvhas been the use of
faulty biological experimental technique by pnysical chemists, such
as the use of“mixed bacterial cultures in electrochemical experiments.
Biologists; in stuaying corrosion problems have shown a lack‘of

appreciation of the methods of physical chemistry: for example,



mechanisms of corrosion reactions have been proposed at a molecular
level by workers not in possession of the thermodynamic, kinetic and

molecular structural data required as a basis for such proposals.

The aims 6f this studyi

The aim of the present study is to describe the phenomenon of
corrosion caused by sulphate-reducing bacteria in the language of
physical chemiétry. It is proposed to draw the information required
to describe the éystem by thermodynamic and kinetig methods,'frbm
established information and froﬁ the results of the author’'s
experimental work. Ultimately, the corrosion mechanism_will be

described.



CHAPTER TWO

ELECTROCHEMICAL CONSIDERATIONS

It is necessary to describe the phenomenon of corrosion in.
formal physical chemical térms, to develop a body of fundamental
theory upon which to base discussions of bacterial corrosion mechan~
isms. It shall be accepted as a first premise that all aqueous corr-
osion reactions proceed via electrochemical mechanisms. This fact,
established by the work of Evans25, Hoar26; and Agar27 at Cambridge
in ﬁhe‘period 1920-1940, is integral to all theories of corrosion in
aqueous environments. This early work was the foundation of corrosion
kinetic studies, and demonstrated the faradaic equivalence between
corrosion rates énd electrical currents flowing‘in metals immersed in
corrosive média. An indication of the rélationship between polari-
zation phenomena (overpotentials of electrode processes) and corrosion
rates also emerged from this work, and subsequent work of the

Cambridge school.

Having accepted the electrochemical mechanism of aqueous corr-
osion, it is possible to develop a fundamental body of corrosion
theory in which/the absolute reaction rate theory of Glasstone,
Laidler andbEyring for a single electrode process28 may bevabplied,
via the mixed pétential theory of Wagner and Traudzg, to theréase of
two or more interacting electrode processes, of which corrosion is

an example.

This kinetic approach, coupled with technological developments

in the field of electronics, has made possible the electrochemical



2.1

determinationvbf corrosion rates and the study of corrosion mechanisms.
It is the kinetics of cofrosion reactions which are of importance in
the structufal and othér engineering and technological uses of metals.
Thermodynamic ﬁredictions of corrosion tendencies developed, notabiy
by PourbaixJo,vfrom Nernstian equilibrium electrochemical reasoning, 
are §f veryvliﬁifed practical value: some thermodynamically predict-
able corrosion reactions proéeed at such slow rates as to make the
metals involved useful, in the engineering and.technological sense,

for considerable service lives.

It is the opinion of the author that existing theories of bac-
terial corrosion mechanisms ascribe too great a role in the corrosion
process to some vital biological influence on electrode processes, at

present inaccessible to the quantitative methods of chemistry. This

gap in the extension of the main body of corrosion theory, expressed

in physical chemical language, to the case of bacterial corrosion is
caused more by-the lack of theoretical knowledge of workers in this

field, than by a deficiency in the main body of theory itself.

Single electrode processes

We shall consider a single electrode process describable as
0OX + ne - RED S 2.1

OX represents an ion in solution and RED a steady state of discharged
0X at a metal electrode surface. If we consider 2.1 as a charge-
transfer reaction which takes place at an electrode-electrolyte

interface under zero field conditions ("zero field conditions' means



that no electric field exists across the charge-transfer interface),
absolute reaction rate theory predicts that the rate may be written
. ,
. op  88°F /T
k = — e ) ' : . 2.2
. _) . . . . ’ . i ' -
where k is the specific reaction rate for the heterogeneous reaction
. . . ’ -1 . .
(it has dimensions cm s ), k is the Boltzmann constant, h is Planck's

' > .
constant, and AG °o% the standard free energy of activation for the
[+ .

process of reduction of OX.

The specific reaction rate multiplied by the activity, or, for
the purpose of readily measurable approximation, the concentration
» » . _) *
COx of OX ions gives the actual reaction rate v, under zero field

conditions (subscript ¢ indicates a chemical, or zero-field rate).-

o*l
I A L
v = — C. e 2.3
c : h ox

' The reasoning thus far is the same as might bé applied to any chem—
ical reaction. . Electréchemical reactions however, have the unique
property thét they are heterogeneous redox reactions and charge
transfer is effected across an interfage. For this charge tréhsfer
to take place continuously, a charge gradient musf exist across the
interface. Such a qharge gradient has the nature of a potential
field. 1If, as'wouldvbe expected from the laws of physics; the rate
of charge transfer (or electrical current) is_influenced by the
magnitude of the charge gradient, the rate of the chemical charge

 transfer reaction would also be expected to be affectéd. If a poten-

tial gradient A¢ exists so as to favour the left-to-right direction
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of reaction 2.1, the rate of the reaction is controlled not only by
the standard free energy of activation for the charge-free state,
Aacq*,-but also by an additional electrically-controlled activation

energy term.

The electrochemical free-energy consequences of potential fieln
'‘Ap would be expected, fron faradaic considerationa, to be a.functipn
of FA¢. This gives the vaiue of this VOltage; Ad, in chemical free
energy units (J mol—l). The potential gradient may be plotted as a
vector normal to the electrode—electrolyte interface. Since the
charge-transfer chemical reaction takes plaee across this interface,
the potential field may be simply depicted'along a one-nimensional |
reacrion corordinate of the chemicalksystem.. It is possible to depict
diagramatically the consequences of this situation to the free energy

of activation for the reacting system, and this is done in Figure 3.

Since only a portion of the potential gradient is required to
do the necessary electrical work to raise the energy state of the ion
to the peak of the free energy curve, a quantity.B nay be defined
whieh is the'fraction of ‘the potential gradient required to do thia
activation operation. A physical depiction of the meaning of 8 may
be gained fron Figures 3 (a) and (b). We then write the electrical
contribution to the free energy of activation as BFA¢. The total
free energy of aetivation Y °* for the 1eft-to;right reaction 2.1
may then be written

a8 °F = a8°F o+ eFag | | 2.4
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The factor é, known as the syﬁmetry facﬁor, is a fundamental quantity
for all charge-transfer systems. It may be evaluated experimentally,
but its physical meaning.is.not readily understdod. Bockris and
Reddy3l have discussed its physical meaning at 1ehgfh and showﬁ thét
it emerges naturally from Morse curve bond strefching making-and-
Breaking reasoﬁing; and also from fundamentai quantum mechanical
reasoﬁing fof.charge-transfer reactions. Substituting for 2é °* from
2.4 in equatibn 2.3, we find for the reaction velocity Cc for reac-
gidn 2.1‘under'the influence of a potential field

-8 °* / BT -gFAs / RT
= — C e _ e S , 2.5

-Substituting'further from 2.2, 2.3, we find that

S -BFA$ / RT
v = v e : 2.6
e . C
. -BFA¢ / RT .
= k c e v ' : 2.7
¢ ox L )

R 5> . . . . . 3 .
The rate v, is the number of moles of OX ions reacting per second.

Converting this rate to a current via the Faraday, we have :
—}
7

2.8

- -BFA¢ / RT _
= F k ¢C e ' 2.9

> , -2 -1 . . . -1
If v has the units mol cm = s and if F is expressed in A s mol ,

3 . =2
7 has the units A .cm .

‘¢ subscript ¢ indicates that the reaction is under the influence
of an electrical potential field.



12

2.2 Single electrode systems at eqdilibrium

Should reacting éystem 2.1 be considered as an equilibrium -
0OX + ne = RED 2.1 (a)

no net current.wiil be flowing across the electrode-electrolyte inter-
face. The forward and reverse charge-transfer reactions will be occur-
ing at the same rates, and the currents corresponding to thése rates
will be eqﬁal in magnitude but oppbsite in direction.

, . TBFAG /RT (1-B)FA¢ / RT
=Fk C e =1=Fk C__ e 2.10

ted

The magnitude of current flowing at equilibrium is known as the

exchange current density io, and

i = 3 =3 2.11
[o]
From 2.10, it follows that
' >
FA¢ / RT k  C
e = -_— 2.12
+*~
k red
[
. . ¥
and taking logarithms
-
k C .
ay o= X, = RT 7, -2 2.13
e F * F C
. k red

c

It is obvious from 2.13, thaf the two quantities on the right-
hand side of the equation have the units of a potential, or voltage,
and that the first of these quantities is equal to the potenfial
across the interface when reactants and products are at unit concen-—

tration (or activity), i.e. in their thermodynamic standard states.

*  A¢, denotes an equilibrium potential
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We may thus ré—write 2.13 as

2.14

Expressing A¢ values on the scale of standard electrode potentials,

2.14 takes the form :

C
E = E° + oL, 2% 2.15
e F C

red

This is the classical Law of Nernst, which may be derived also from

strictly equilibrium thermodynamic reasoning.

Ez cor;espondé to the value qf E at qnit activity (or concen-
fration),of the substance involved, and is known aé the standard
electrAde.potentiai for.the.system. It is'agcessible from thermo-
dynami¢.data.(such as standard chemical.potentials %), via well-

known reasoning e.g.

AG = ~-FE 2.16

2.17

The quantities.Eo and io fhus emerge as funaamental properties of a
charge-transfer chemical system. E° is accessible from thermodynamic
data. io, however, being the magnitude of two equal_and opposite
currents defies-direct measurement. It may be meaéured indirectly,
however, by makiﬁg the systemvdepart from equilibriUm and measuring

certain quantities.
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Single electrode systems not at equilibrium

The A¢_ given by 2.13 is the equilibrium potential. Directly"

a net current flows in the system, it departs from equilibrium and

i =3 -1 | 2.8

or,

L (1-8)Fa¢ / RT ~BFA¢ / RT
i =F k C e -Fk C e ©2.19

oXx

where A¢, the non-equilibrium potential differs from A¢eby an amount

n, the overpotential, such that

M= A§ + ' | 2.20

We may now write for the current flowing in the system

3

. [ . (1-8)FA¢e / RT
i = |Fk C e : e
c red J

(1-8)Fn / RT

. -BFA¢_ / RT]  -BFn / RT 2.21
- ch C e e

oX )

We can see from 2.10 that the two bracketed terms are those for the
exchange current density, i;, at equilibrium. Thus

7 =

[ (1-B)nF / RT  =BnF / RT
io- e - e 2.22

This central equation in electrode kinetics, named by Bockris and
. . 31 . . ; o
Reddy the Butler-Volmer equation , gives the 7 versus n relation-

ships which enable us to determine the important quantity io

experimentally.
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There are two general forms of this equation which lend them-
selves particularly to experimental use. These arise out of approxi-

mations made as follows :

. If we assume that the activation energy barrier is symmetrical, and

the value of B is thus 0,5, we may write 2.22 as

| +Fn /2RT ~Fn /2RT |
1= 7 e - e . 2,23
o : -
and since
X - -X )
2 > S = ginh X 2.24
e . . Fn
1 = .2 z sinh T 2.25

Now the two approximate forms of the equation emerge as follows :

(i) 1If the overpotential n is relatively small :

the quantity Fn /2RT << 1

: . Fn _ Fn '
and | sznh >R~ IRT ‘ 2.26
ian
and thus | 1 = RT v | | 2.27

This relationship is the low-field approximation of 2.22 and holds
good in practice where n <0,010 V for a single electron transfer
" process’’ Within these overpotential limits, ¢ is a linear function

of n.
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(ii) Where the overpotential n is relatively large :

Fn /2RT -Fn /2RT

the quahtity e >> e
_ ' . Fr, Fn /2RT .
and - _ 2 sinh RT C | .2.28
Fn /2RT
and 1 = io e : 2.29
the relationship n =a + b In< 2.30

(a and b being constants).

holds, which is traditionally known as the Law of Tafel. Consider-
ing equation 2,21 diagramatically (Figure 4) it is apparent that <
varies linearly with n at small overpotentials. If we write the

high-field approximation 2.29 in the form

RT

~RT y .
N =T T Ini + (I=B)F ini 2.31
we find that for the case n =0, In ¢ = In © or in other words,

o

the value of In i is accessible by extrapolation of the line In %
versus ﬁ to the case of n = 0, at which io is the current. _io is
thus accessible to eXperimental measurement by causing the electrode
system to depart from equilibrium and studying its current versus

potential characteristics.

The application of this method to the determination of real'io

values will be described in the following section.
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Real electrochemical reactions : multi-step reactions

The discussion hitherto has dealt with a single charge-transfer
reaction which takes place in a single step. In this case, the in-
fluence of overpotential, n, on the rate of the reaction expressed as

a current has been dictated by 8, the symmetry factor for the system.

A fraction of the overpotential, Bn, influenced charge-transfer in

one direction, while (1-8) n influenced the reverse direction of the
process. In practice, charge—transfer.reactions usually occur in
more than one step with, pdssibly, more than one qharge-transfer step
per oygréll occurrence of the reactiqn. Moreover, not all steps in
the reaction ére necessarily charge—transfer ones. For example, the
reéction for“ﬁhe liberation of.hydrogen from acid solution at an

electrode surface

H30+ + e—— JH + HO ‘ 12.32

usually occurs in at least two steps :

e + M + pobt Sharge, uy 4 yo 2.33
3 transfer 2 _

Here, MH represents atomic hydrogen adsorbed on the metal surface (M).

This step may be followed by

OMH . combination M + H L 2.34

As in all chemical reactions, charge-transfer electrochemical reactions

have a rate-determining step.
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1,32

‘ . . 3 . . .
A close examination of the kinetics of multi-step charge-
transfer reactions will reveal that they have the following character-.

istics.

(i) The rate-determining step occurs a fixed number of times,
v ,per overall occurrence of the reaction. For example,
a
if 2.33 is the rate-determining step of 2.32, v for 2.32

is 2.

(ii) The overall reaction has a fixed number, n, of electron-

transfer steps per overall occurrence of the reaction.

: . N
(iii) For every overall occurrence of the reaction, y electron-
. . «
transfer steps precede the rate-determining step, and vy

electron-transfer steps follow it.

(iv) A number r is a further characteristic, which has a value
0 if the rate-determining step is not an electron-transfer
reaction and the value of 1 if the rate-determining step

is an electron-transfer reaction.
It is possible, in terms of these mechanism—-determining
quantities, to write a more general form of the fundamental electrode

equation 2.22 :

i =4 e - e 2,35
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3 . ’ 3 [ + + - »
in which the quantities a and o determine the influence of over-
potential, n, on the forward and reverse reactions respectively.

o > L - .
The two quantities, a and o are defined as

o = L + o 2.36
v . . : )
n
and
o= XX .o | - 2.37
\)ﬂ
and, as a reSuit,
a + o = % 2.38
n .

It is apparent, that if the reaction under consideration is a
. . . ' ) . +

single~step, single electron—-transfer reaction, v=1,n= l, vy =
. v
y =0, v =1, and » must be = 1. Consequently

> : . : '

a = B : . 2.39
and

<«
Q

= 1-8 | i 2.40

and 2.35 is identical to 2.22 in this case. The quantities a are

known as the transfer coefficients for the reaction. These transfer

coefficients become experimentally accessible when we apply the low-

and high-field approximation reasoning to equation 2.35.
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e.g., using the high-field approximation :

&Fn./ RT
1 = 1 e 2.41
o v
and
-oFn / RT
0.
~ Taking logarithms and re-arranging :
n = - 24%2231 log io + 24%9251 -log 7 2.43
. a F a F
= B g - BIR gy | 2. 44
-a F : a F '

It is obvious from 2.43, 2.44, that when n =0, 7 = io, and
thus io values are accessible from extrapolation of 1§g 1 versus n
lines to n = O.. Slopes of the log 7 versus n.plots will‘yield a
value of a, and are thus characteristic of the mechanism of the
reaction. The results of a typical électrochemical polarization
experiment in which an applied n causes current flow enabling deter-

mination of io_and a, are given in Figure 5.
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2.5 Corrosion systems : Systems of two or more interacting

electrode processes -

2.5.1 A stmple activation-controlled model

.The equ;tions derived hither;o are basic té the study of elec-
trochemistfy. They enable electrochemical reactions to be described
in formal physical chemical terms, and the experimental study of
electrochemical kinetics depends upon them. The extension of funda-
mental electrochemical reasoning to corrosion processes hés its roots
in the recognition of a corroding metal surface as én electrode at
which both anodic and cathodic electrochemical reactions are in
process. An empirical graphical representation of corrosion rate
theory incorporating these conéiderations was developed by Evanszs.
In 1938, Wagner and Iraﬁd29 gave quantitative theoretical expressioﬁ
to this type of reasoning iﬁvstudies Qf the corrosion of zinc amalgam
in écid solution. The development of_polarization'techniqueé and,

in particular, the potentiostatic technique gave impetus to the
development of corrosion theory in attempfs to interpret the results
of polarization experiments, Stern33'3s, in develop;ﬁg electro-
chemical theory to explain quantitatively the nature of polarization .
curQes obtaiﬁed for corroding metals, made a valuable éontribution

to the study of the kinetics and mechanism of corrosion processes.

Those parts of electrochemical corrosion theory pertinent to

the work performed in this investigation will be described here.
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A corréding electrdde system consisting of,.at any one instant,
a series of shért circuited anodes (at which metal dissolution takes
place).and c@fhodEs will have no net current flowing to or from it.
We shall gssum¢ that thevanodic process is the dissolution of a

metal, M to give its ions.

r : ‘
v + ne ——— M - 2.45

and that the cathodic process is the reduction of dissolved species

]
(in the electrolyte) z" +.

"t 4+ n'e ';=====3 Z ' 2.46

Procéss'2.45 ét equilibrium at the electrode surface of.metal
M would have associated with it an equilibrium potential, Em, which
may be calculated from the Nernst relationship (equation 2.15), and
an exchange current densfty, io.m, given by equation 2.10. éimilarly,
process 2.46‘at equilibrium would have the characteristics Ei and

.

N We shall assume that anodic and cathodic areas are not necess-
» 4 ) ;

arily equal, and thus that the effective anodic and cathodic exchange

currents are given by

I = i A - 2.47

o, m o,m a
and

Lo, = T, A R X 2.48
where IO m.amd IO .. are apodic and cathodic.exchange cdrrents and

Aa and Ac the respective anodic and cathodic surface areas. Points

representative of these equilibrium potentials and exchange currents
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may be plofted'on a set of potential (volts) versus log % (amperes /cm ?)

: e e
axes as in Figure 6 (a).

Now if processes 2.45 and 2.46 were to interact such that a
net transfer of éleCtrons from metal M to ions Z' took place, the
‘two systems would depart from equilibrium such that 2.45 would pro--

ceed in a net right-to-left direction,lor
M —— MP+ “+ ne - o '2.45A(a)
and 2.46 inia net léft-to—right directiog, or
~.n '.;E . 4 ' . )
i/ 4+ n'e —— 2 2.46 (a)
The eQuilibrium potential of sy?tem 2.45 would have added to

it an overpotential of + um and the nét current associated with the
reaction would:be given by én_expression similar to 2.35. -

S0 F/RT -ar F/Ri

7 amnm ) amnni )

I =1 =~ e - e _ 2.49

m 0, m.
Similarly, for system 2.46 a potential_shift - would take place
and a current

RS ) < .
_ ‘aznzF/RT' aznzF/RT '
I =1 e ' - e : : 2.50

would flow.

The résplting corrosion syscém predicted by mixed potential
theory, assuming that n, and n, are of sufficient magnitude to ensure

Tafel dependénée; and that no mass-transfer hindrances exist, is .
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cases are those of concentration polarization at the cathode and

passivity at the anode. These cases will now be presented.

2.5.2 Concentration polarization at the cathode

If we consider again the cathodic reaction in the corrosion

case described above :

' :
A + n'e ~— 2 2.46 (a)

the reaction being first order with respect to the concentration of
n'+ e . , . '
VA , and if 'this concentration is C, the reaction rate expressed as

a current density can be seen by the reasoning of Section 2.2 to 2.4

to be a function of that concentration.:

1, = kl C 2,52

| -a Fn/RT .
in which kl is a quantity incorporating e . We shall assume,

to simplify‘the discussion, that n is sufficiently gréat for the
high-field approximation of 2.35 to hold.

If the rate of the reaction is such that Zﬁ'+ ions are removed
from the electrode-electrolyte interface at‘é rate greater than that
at which they are replaced by diffusion of Zn'+_towards the interface,
a concentration differential between thé bulk of the.sélution (in
which the concentration is CT), and the interface (at which the
concentration 1is Cl) will exist. The flux of Zn"+ ions from bulk to

interface, expressed as a current may then be written

. o .
712 = k2 (Cl = Cl) ) 2-53
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This is predictable from Fick's First Law of Diffusion. When the

rate of the c¢harge—-transfer reaction 1s constant, the flux associated
. nt+ o, . } ' .

with the removal of Z ions from the interface by electrochemical

discharge is equal to that associated with their diffusion from bulk

to interface, and

o kl kz o -0
7 = ’Ll = ’L2 = m Cl = kCl . 2.54

Now kl of equation 2.52 is composed of an overpotential—dependent

and an overpotential—independent part, i.e.

. | . , |

klv = kl exp (-an) . ' 2.55
. (o]
1 .= kl C1 , 2.56

. Now when the concentration at the electrode differs from that in the

bulk of the solution, the current flowing at a given overpotential,

zappl, 1s given by
N v
Cl -aFn/RT o
aool = 'Z:o - e 2.57
PP Ci

The form of this equation most easily applicable to experimental
results is obtained by considering the limiting case at which the

. n'+ . .
concentration of Z at the interface approaches zero, then

i o= 1 ='kc‘l’ : 2.58

where id is the diffusion-limited current density. From equations

2.53, 2.58
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-&Fn/RT

i

. 1 :

= 17 1 - =2 . 2,60
appl o 1 :
Taking logs and re—érranging 2.60,
RT . . " RT 7:appl

n=-— (ini =-1in1 +—=In |1 - —/— _ 2.61

> ° appl gF 7/d

Now the first term on the right hand side of 2.61 is identical

in form to equation 2.44, the purely activation-controlled relation-

ship between n and applied current. We may thus re-write equation

2.61 as

2.62

in which n, is that part of the overpotential concerned with satis-

fying activation energy requirements for the cathodic reaction, and

7: .

n =Xy |1 - RRRL 2.63
. cong¢ -> 7

a : d : .

that part arising as a potential drop corresponding to changes in

surface concentration produced by current flow.

The magnitude of the diffusion current id may be calculated

from faradaically modified diffusion expressions. Formulations of
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this type havé'been presented by many authors, among them Delahaysﬁ,
Bockris and Reddy3l, and Makrides37. The case of thé»total curreﬁt
vflowing to br from the electrode under control by the rate of diffu-
sion of the reactant from bulk to intefface may most simply be

expressed by

.. . C
zd'_‘. =nFD 5 _ 2.64
in which id . is the limiting diffusion current, n the number of

electrons transferred during the reaction, F the faraday, D the:
diffusion coefficient of the reactant, ¢’ its bulk concentration

and § the thickness of the diffusion layer.

Concentration polarization detectable by cathodic polarization

studies at a corroding electrode may be of two types :

(i) Diffusion control limits the rate of the cathodic corrosion
reaction. In this case, diffusion control limits the over-

all corrosion reaction rate and < =7
: corr d, 1.

(ii) Diffusion control 1imits the rate of the @athodicvreaction'
only at potentials more'negative than the corrosion potential.
In this case, the corrosion reaction is under activation
conproi and icorr < id,lf The magnitudes of Icorr, Io';

are related to the respective current densities via the

surfaqe areas as 1in 2.47, 2.48.

These two extreme cases are depicted-in Figures 7 (a) and (b).
Intermediate cases resulting in mixed activation and concentration-

polarization control may also arise.
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Anodic passivity

Where the anodic process results in the formation of coherent
solid reaction product films which prevent further corrosive éttack,
the metal is said to be passive. For any given circumstance in
which a metal may péssivate, a definite anodic current density,

T, .4, » must be surpassed before the process will occur. This ic{it

may be attained at the metal surface to be passivated by two methods:

(1) The electrode to be passivated may be polarized anodically
by a separate cathode connected to it via a suitable

electrical power supply.

(ii) The metal may passivate spontaneously if a suitable cathodic
reactant (usually a strong oxidising agent) is present. In

this case, no externally applied current is required.

Figures 8 (a) and (b) depict the current-potential relation-
ships of metals during passivation. The subject of anodic passivity
has been reviewed by Hoat ®>. Reference will be made to passivity in

discussing some of the experimental results of this work.
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CHAPTER THREFTE

THE SULPHATE-REDUCING BACTERIA

The sulphate-reducing bacteria occupy a unique niche in the
biological world, and increasing knowledge of their peculiar
metabolism has led to speculation as to their possible role in such

events as the evolution of life on this planet, and the genesis

.of petroleum. There is evidence, based on the distribution of

stable sulphurvisofopes in nature, that dissimilatory sulphate-.
reductioﬁ ofl;he type.éxhibited by these organisms was occuring
approximately 3,5-x'109 years ago, thus preceding the advent of
free oxygen in our atmésphére which was approximately 1 - 2 x 109>

59 . . - . .
years ago . .A number of mechanisms have been proposed to implicate

sulphate—reducing bacteria both in petroleum genesis itself4§L59,
and also in the release of oils from shale deposits during'recovery'
operationssg. The presenﬁ chapter is intended to introduce those
aspects of the ecology, taxonomy and nutrition of these ofganisms
Which bear directly on corrosion theory. Details of possible

relationships between the biochemistry of the organisms and the

electrochemistry of corrosion will be presented in the following

‘chapter.

The sulphate-reducing habit

In all 1iving'organisms, the oxidation of chemical substances

supplies energy which is channelled, via chemical energy carriers,
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to the energy-requiring processes of life. In most organisms
visible to the naked eye, and many others, this chémical procesé

of oxidation, known as respiration, proceeds down the okidation-
reduction energy gradient existing between the species oxidized
(commonly known as foodstuff), and atmospheric oxygen, the foodstuff
being oxidized with the release of chemical free energy, and oxygen

being reduced according to
0, + 2H,0 + 4te  ———> 4OH 3.1

The process of respiration thus requires a net transfer of

electrons from the protoplasm to some part of its immediate environ-
ment. During this electron-trahsfer process; the synthesis of chemical
energy-carriers used in life procésses takes place.” The multiplicity
of intermediate electron-transfer reactions which take place between the
first éxidative event at the foodstuff molecule and the final transfer
of electrons to oxygen has led biochemists to describe oxygen as a
"terminal electron acceptor'" in this process. Respiratory processes
where oXygen is the terminal eléctron acceptor are conventionally
described as aerobic respiratory processes, and'those where alternative
terminal electron acceptors are used, as anaerobic respira;ory

processes.

Sulphate-reducing bacteria oxidise foodstuffs vZa an anaerobic
respiratory pathway in which sulphates are used as terminal electron

acceptors in respiration as follows :

s + 105 + 8e ———> 4H,0 + H,S 3.2



32

This sulphate-reduction process has been described by Postgute‘uas
"dissimilatory gulphate-reduction", thus distinguishing it from
assimilatory éulphate-reduction practised by a large number of
microorganisms in acquiring reduced sulphur compounds for the
synthesis of cellular material; Dissimilatory sulphate-reduction
processes, in ofganisms in which they occur, involve 10 to 100-fold

greater metabolic turnovers of sulphur39 than assimilatory processes.

IWhile if is generaily accepted that sulphate is the tefminal
electron acceptor in oxidative energy-yielding processes practised
by the suiphate-reducing bacteria, the nafure of the primary
oxidative processes which provide énérgy are not clearly understood
at present. It was once widely believed that the sulphate -reducing
bacteria were facqltatively autotrophic, and thus did not necessarily
'require reduced forms of carbon as nutrients. All of thg.energy
requirements of the orgénisms would thus be satisfied by reaction
3.2, It was considered that reduced forms of carbon could be
synthesized if the organism was supplied with CO, and hydrogen gas,
and experimental evidence was quoted in support of this 4°=43,
This experimental evidence is now considered invalid and, it seems
firmly established that the organisms are heterotrophic3& 34,
" thus requiring reduced forms of.carbon in growth media. The energy

relationships of the sulphate-reducing habit are of great importance

to corrosion theory and will be discussed further in Chapter 5.
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The ecology of the sulphate-reducing bacteria

It had been’ipng known that anaerobic natural bacterial
populations often emitted hydrogen sulphide when Beijerinck in
1895*5 first isolated a group of bacteria from an anaerdbic
environment, capable of reducing sulphates to sulphides.' These
organisms are now a well—défined physiological type, and appear
ubiquitous in nature although they only become active where the
oxygen supply is limited. The ecology of the organisms has been
extensively reviewed by Zobell*® and Bunker’”’. It is appropriate

"to discuss here tho§e a$pécts of ﬁheir.ecology which circumscribg
situations where they may grow actively in the proximity of

structural metals.

Baas Becking, Kaplan and Moore“f.have described ﬁatﬁral aqueous
environments (soils and waters) in which microorganisms may grow,
in terms of pH and oxidation-reduction potentials.  Figure 9 depicts
the pH and oxidation reduction coordinates of environments in which
sulphate-reducing bacteria are found.  This diagram is a compilation
of published data on the &istribution of’sulphate-reducing bécteria
superimﬁosed upon the diagr;m giving the pH-potential coordinates of
the thermodynamic stability of water. Water is stable in the zone

between lines a and b of which a represents the equilibrium

0 +  4HT o+ e —  2HO 3.3
2 2
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This is another form of equilibrium 3.1.. The line follows

the Nernst formulation
E = 1,23 -0,059 pH + 0,015 log po2

) . : . '
at 25°C. With oxygen in its standard state, the slope of the line

is thus -0,059 volts per pH unit. Line b represents the equilibrium

2H,0 + 2e H, + 20H 3.4

which again with hydrogen in its standard state at 250C, would have

_ the Nernst slope of -0,059 volts per pH unit derived from

E = 0O -0,0§9va -0,030 log péz It is obviqus that the
environments favdu:ed by the sulphéﬁe-reducing bacteria are far
removed in redox potential from that of the oxygen-reduction reaction
used by aerobic organisms in their energy-yielding respiratory
reactions, and are relatively mucﬁ closer to the hydrogen electrode
potential. This diagram is éimilar in nature to ﬁhe Poufbaix
thermodynamic corrosion diagrams and will be used in discussing

corrosion reactions in the presence of these organisms.

In addition.to the pH and redox potentiél requirements given
above, environments in which thevsulphate—feducing bacteria ﬁill grow
successfully should contain sulphates and organic matter. These are
rarely absent from natural aqueous environments, and thus it is
usual that where.thé oxygen supply is limited and the redox potential
reaches a favourable value, sulphate-reducing bacteria will be active.
Further environmental limits have been supplied by Zobe1146, and

these are incorporated in Table 2.
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The taxonomy of the dissimilatory sulphate-reducing bacteria

The ekiéting theories of SRB corrosion mechanism depend upon
ihe biochemicalldifferences between the two major taxonoﬁic groups
of sulphate-redgcing bacteria: the genera Desulfovibrio and
Desulfotomaculum.  Desulfovibrio species are not spore-forming,
possess hydrogenase enzyme, and appear, from published experimental
work to be corrosive, while Desulfotomaculum specieé are sﬁore
formers, do not possess hydrogenase enzyme, and do not appéar to

. 49 =52
be corrosive "

Postgate and Campbe1153“54

reyiewed the classification ofvthe
dissimilatory sulphate-reducing bacteria in 1966, and their system
is universally accepted. Details of the classification of these
organisms are given in Table 3. Of importance to corrosion theory

is the type of respiratory pigment present in the two genera |
(cytochrome b in Desulfotomaculum énd cytochrome ¢ in Desﬁlfbvibrio).
It is necessary to add to the.information contained in the table

that Desulfbvibriovépecies'usually display hydrogenase enzyme activity

while Desulfotomaculum species do not.

The nutrition of dissimilatory sulphate-reducing bacteria

Since the statement by Booth *5 in 1964 that "the precise

mechanism of the action of the sulphate-reducing bacteria in promoting
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metallic corrosion will only be fully elucidated by a complete
investigation oflfhe biochemistry of the organisms themselves'",
subsequent experimental work has confirmed that there is insufficient
established biochemical knowledge to explain fully the apparent
éynergistic telationship of the organisms with corroding steel in
anaerobic envifbnments. That such a synergistic relationship exists
is apparént froﬁ both field and laboratory investigations. Bunker?’
showed in a number of careful field investigations that sulphate-
reducing bacteria are most active in the immediate vicinity of
corroding metai pipes, the activity being highgst at.the corroding
interface_and progressively Igss at increasing distances from it.
Butlin and Adams4f described experiments in which the presence of
corroding met&l.appeared to»stimulate growth of the organisms in
laboratory cultures. IItvis proposed to‘review here the major
nutritional requireménts of dissimilatory splphaté-reducipg bacteria
in order to investigate thg‘basis of the reiationship between

organisms and corroding metal.

In 1930 Baarss6 published the results of the first careful
stoichiometric iﬁvestigation 6f the process of dissimilatofy
sulphate-reduction. This work invalidated the earlier results
of van Deiden; published in 1903, who considered that the sulphate-
réduction process in the presence of organic nutrients such as

lactate and malate proceeded by the following stoichiometry
2C;H; 0, Na + 3MgSO4 ——> 3MpC0; + Na,CO; +

2C0, + 3H,0 + 3HS 3.5
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in the case of lactate, and

204}14 O5 K2 - * 3MgSO4 _— >3MgC03 + 21(2 003 +

3¢0, + H,0 + 3H,S 3.6

in the case of malate. Baars found that organic nutrients were not
oxidized completely to CO, and that the stoichiometry of sulphate

reduction coupled to organic nutrient oxidation apprdximated more

closely to

2C,H,0,Na + MgSO, = ————— >2CH,COONa + CO, + MgCO,

+,st + K0
: 3.7

in the case of lactate, and

4 CH OH.CHOH.CH OH + 3H, SO, ————>4CH, COOH + 4CO,

+30S + 8HO

2

3.8

in the case of glycerine, and

4COOH.CH2.CH2.C00H + 3H2804 —————~—©4CH3 cooH
+8002' + 3H28 + .4H20

3.9
in the case of succinate. Baars thus considered that these organic
compounds behaved as hydrogen donors for the sulphate-reduction process,

being themselves incompletely oxidized. The primary role of the

organic nutrient was thus as a hydrogen donor for sulphate-reduction.
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It was found, howéver, by Butlin, Adams and Thomas‘z, that in growth
media containing only lactate and mineral salts, growth could be
considerably improved by the addition of yeast exfract, indicating
‘that a1Cerna;ive forms of carbon to the "hydrogen donor'" type may
be_required. This argument is not supported by the well-established
fact that successful growth of sulphate-reducing bacteria has been
demonstrated on innumerable occasions, in media containing only
lactate and mineral salts, for example, in the media of Baars®® and

Starkey57.

It-h#s béen claimed by a number of workers that dissimilatory
sulphate-reducihg bacteria are able to grow autotrophically in the
presence of hydrogen (as H,) with CO, as the sole carbon source.
Butlin and Adamsaf claimed successful growth of Desulfovibrio
cultureé in media where NaHCO, was the sole carbon source, but only
in the presence of hydfogen gas. When hydrogen was not supplied to
the.cultures, no growth occurred. However, when rods of mild steel
were added to media inoculated with Desulfovibrio cellé in the
absence of hydrogen, growth occurred. It was considered possible
that hydrogen formed at cathodic sités on the corroding metal was
entering the sulpha;e-reduction pathway and supplying the energy
necessary for H00; reduction and gfowth. The results of
Mechelas and Rittenbergs8 and Postgateaé do not support this
proposed autotrophy. Postgate"’f9 indicated tﬁat the amount of CO,
incorporated in cell carbon during growth undef apparent autotrophic
conditions never exceeded 15 - 257 of the total cell carbon, aﬁd

usually differed only slightly from the amount of CO, assimilated
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dﬁring heterotrophic growth when other orgahic nutrients were supplied.
Mechelas and Riftenbergsf showed that H2 or'a non-assimilable organic
compound, such as isobutanol may act as hydrogen éources during the
sulphate;reduction reaction, but that neither labelled CO2 nor
isobutanol carbon was incorporated appreciably into the céil carbon.
Carbon for cell synthesis was derived mainly from yeast extract in
their expériments. Postgate®® considered that the "autotrophic"
growth reportedbby Butlin énd Adams was in fact heterotrophic growth
_on organic impurities in the media. Quoting the data of Garvie and
Strange et al, he pointed out that 0,067-M phosphate buffer could
contain as many‘és 10° coliform bacteria per_cm? and these woula
contribute organic impurities to media.  The illﬁsion of.autotroﬁhy
proﬁably arose bécause the presence of the H2 allowed_efficientvuse

of these impurities by acting as an energy source vZa the sulphate-

reduction reaction.

It is necessary to.includé at this stage,‘somé comments on the
iron requirements of the sulphate-reducing bacteria. It is by.no
means remarkable that these organisms réquife iron as a nutrient :
Butlin, Adams and Thomasff demonstrated this, and fdstgatesz'deter;
mined the optimai.conCentration in laboratory culture at iO - 151 mol
of fe-per litre. Iron is a necessary part of cytochrome pigments,.
and also of hydrogenase enzyme systems.v Apart from this absolﬁte
nutritional requireﬁent forviron, it appears tﬁat this metal plays
an important role in gonditioning the environment for successful
growth. Firstly; soluble iron enables sulphides to be precipitated

as solids when they might otherwise reach toxic concentrations.
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This role of iron has been discussed by Baas Becking,.Kaplan and

' Moore*®. Secohdly;rthe presence of_iron may play a role in control
of the redox potential (EH) of the environment. Baas Becking et «l*®
have shown that the lower E.H limit of environmemts in which sulphate-
reducing bacteria:are active is too negative to be caused by st or
.'HS_ alone: theif solubilities breclﬁde this. The lower redox
potential limits of such environments could be reproduced by
titrating sodium sulphide (0,0iﬁ) with FeSO4 (0,05&?. - In this
ecological role, iron concentrations considerably greater than the

10 - 15 ﬁmol per litre iqdicated by Postgate as a nutritional

requirement, would be beneficial.

It is possible to summarize those aspects of the nutrition of
the sdlphate—reducing bacteria which are of importance to the
corrosion theory which will be presented in the following chapter,

as follows :

(i)  Sulphate is required as a terminal electron acceptor in
respiratory.reactions. It has been shown®' that fumarate
may also fill this.role in a few cases, but no evidence
of this reéctiqn in the natural environment has been |

reported.

(ii) Organic substances are required as sources of carbon for
synthetic reactions. Inorganic carbon compounds cannot

function as the sole source of cell carbon.
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(iii) Hydrogen (as Hz) or organic hydrogen donors, such as
lactate, are required for the sulphate-reduction reaction

to proceed.

I

(iv) Iron.is a nutriént essential for the formation of cyto-
chrbme and hydrogenase systems. Iron appears to play an
additional important role in ﬁrecipitating sulphides which
would otherwise reach toxic conéentrations and possibly,
in ;egulating the redox potential of the environment in

conjunction with sulphides.

The corrosion theory to be discussed in the following chapter is
closely related to the biochemistry of sulphate-reduction. The
details of this sulphate-reduction process will be introduced in

assessing the validity of the corrosion theory.
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CHAPTER FOUR

EXISTING THEORIES OF THE MECHANISM OF CORROSION CAUSEﬁ BY

SULPHATE REDUCING BACTERIA

The fact that corrosion of ferrous metals occurs in the
presence of sulphate-reducing bacteria is not, in itself, remarkable.
Thermodynamic calculations give us the answer thét corrosion of iron
or steel will occur in environments favourable to the growth of
sulphate-reducing bacteria. This may be demonstrated most simply
from the superposition of the potential versus pH ecological diagram
developed by Baas Becking? Kaplan and Moore'® on the Pourbaix
potential versus pH diagram for the corrosion of iron (Figure 10).

It is apparent from this diagram that environments favourable to

the growth of sulphaté-reducing bacteria have coordinates of pH and
redox potential within which iron metal is thermodynamically unstable.
Horvith and Novak®® (Figure 11) have developed a pH-potential diagram
for iron in the presencé of water and sulphides which shows that the
domain of stability of iron metal is diminished b§ the presence of
sulphides. It is obvious that the thermodynamic driving force

of corrosion with hydrogen evolution as cathodic reactibn is

increased by the presence of sulphides.

Any satisfactory theory of SRB corrosion will have to explain

the high rates of corrosion observed in the presence of these
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organisms. = Ultimately it should be possible to ekpress the
corrosion rate as a current on an Evans-type corrosion diagram'
which describes accurately the kinetics of the individual anodic

and cathodic processes.

Developments in the theory of the role of sulphate-reducing
bacteria in metallic corrosion are best described in chronological
§rder of their appearance. We shall divide the period over which
existing theory was developed into two parts: the.éeriod before
electrochemical polarization methods were applied to the study of the
problem, and the period following the introduction of these ﬁethods.

The second period extends from the year 1959 to the present date.

Theory developed before the introduction of polarization

techniques (the period 1934 - 1959)

Von Woizbgen>Kﬁhr and van der Vlﬁgt laid the basis of curfent
theory of SRB corrosion with their paper '"The grafhitization of'
cast iron as an‘electrOfbiochemical process in anaerobic soils”,
published in 1934 °%. This type of corrosion of-ééét iron was of
frequent occurence in the anagrobic soils of Holland and éonéiéted
of the corro&ing'away of the metal leaving a skeletal structﬁre of
graphite inclusions. Corrosion products consisted of the sulphides
of iron, and this knowledge, coupled with the.faét that sulphate-
reducing‘bacteria were responsible for sulphide formation from
sulphates in this type of soil, led the authors to study the

relationship between corrosion and sulphate-reduction by the SRB
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in seeking a mechanism for graphitization.

In the anaerobic systems in which this type of corrosion took
place oxygen was of course, not available as a cathodic .reactant
and von Wolzogen Kuhr and van der Vlugt, aware that tho absence of
oxygen as a cathodic reactant usuolly resulted in very 1ow.corrosion
rates, began to seek alternative cathodic reactions which might
result in the high rates observed. Three years previoos to their
published investigation, Stephenson and Stickland had announced the
existence of hydrogeﬁase enzyme‘s"and shown? that in sulphate—
reducing bacteria, this enzyme catalysed the reduction of sulphate

by molecular hydrogen‘56 according to

HSO + 4H ——> HS + 4H O 4.1

2 4 2 2 2 -

It is necessary to introduce at this stage, some of the
electrochemical corrosion theory invoked by these workers (1934?4'.
The corrosion of iron in a neutral aqueous environment was believed

to take place as follows

Water was known to be partly dissociated into hydrogen and

hydroxyl ions

2H O —e—— 2H+ + 20H 4,2
2

The ionization (corrosion) of metallic iron was believed to be
accompanied by the discharge of hydrogen ions to give adsorbed

atomic hydrogen (%ds ).
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Fe + 2 ———3> Fe'¥ + 2H 4.3

ads
This adsorbedvﬁydrogen was believed to pexsist on cathodic metal
surfaces, bringing about a condition known as "catﬁodic polarization"
in which local cathodes wére_considered inactive,_and the corrosion
reaction would thus cbmé to a stands;ill. However, if subs;ances
were present which could react chemically with the }ad‘ , this
polarized condition would be removed, and the corrosion reaction

would continue. For example, in the presence of oxygen,

4 Hy 44 + _ o — > 2H20, 4.4

This type of reasoning.is not fully consistent with modern
electrochemical knowledge as»&ill be discussed in the following
chapter, nevertheless it formed the basis of the von Wolzogen Kuhr -
van der Vlugt corrosion mechanism which is still accepted by a

number of contemporary corrosion workers and authors.

Von Wolzogen Kuhr and van der Vlugt®®., claiming sﬁpport from
Baars"SGfinding that hydrogen othér than molecular hydrogen (e.g.
hydrogen derived from lactate, malate or succinate) could be used
in sulphate reduction by SRB, proposed that the reduction of
sulphate by thn at cathodic sites on corroding iron qons;icﬁtgd a
"éathodic depolarizing" mechanisﬁ of the type illustrated by oxygen

in reaction 4.4. The reaction scheme proposed was as follows :
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8H O ] | 8H+ + 80H~ 4.5

++ ‘ '
-4Fe + 8va_ ________>4Fe o F 8H 4.6

HSO + 84 ——~————>HS + 4HO
2 2

2 4 .
("depolarization) C 4.7
++ - ,
3Fe’ + 60H ———— > 3Fe (OH), , 4.8
++ ' v

Fe + HS ————> FeS + 2H 4.9

Summing 4.5 - 4.9 the overall corrosion reaction :

LFe + HSO 4+ 2HO0— »3Fe(OH) = + FeS 4.10

is obtained. . It must be mentioned here that Stephenson and

Stickland demonstrated that hydrogenase enzyme used molecular

hydrogen to reduce sulphate to sulphideé"éé.' Von Wolzogen Kuhr

and van der Vlugt assumed that this was also true for H ‘ at
ads

cathodic surfaces. The validity of this assumption in the light

of present-day knowledge of the electrochemistry of corrosion and

hydrogenase systems will be discussed in the following chapter.

From the stoichiometry of equation 4.10, it would appear that

the ratio

total iron corroded(mol )
iron present as sulphide (mol)

would have the value of 4.  Von Wolzogen Kuhr and van der Vlugt

found, from a number of analyses of corrosion products , that the
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ratio apprdximated 2,7 (see table 4). They ascribed this
difference to the probability that dissimilatory sulphate reduction
accompanying thé oxidation of foodstuffs by the organisms resﬁlted
in greater yields of st than would be produced by "cathodic de-
polarization' alone. .This may result in a greater proportion of
iron sulphide in the corrosion products than predicted by equation
4,10.  Another possibility, not mentionéd by these authors is that,
'if the corrosion product were iron sulphides alone (which it would
be were thé corrosion process due solely tO'HZS as a éorrodent)
oxidation of some of the corrosion product by atmoépheric oxygen

during the analysis might account for the observed results.

During the perioa 1934 - 1959, the electrocheﬁical techniques
available at the time were applied»totthe study‘of thé mechanism
of SRB corrosion., Hadley®? studied the pétential-time behayiour
of steel electrodeé iﬁ cultures of SRB. Hié results were-reported

as follows (Figure 12) :

(i) A steady potential of approximately -465 nV (she) was
reached in un~inoculated culture (portion AB of the

potential-time curve).

(ii) On inoculation the potential rapidly fell to approximately
-530 mV (she) as indicated by portion BC of the curve,
which was interpreted by Hadley as being indicatiye of

cathodic depolarization by actively growing SRB.
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(iii) A relatively slow potential shift‘in the noble direction

(iv)

was taken by Hadley to represent loss of .depolarizing
activity (portion CD) by the bacteria, by then considered

to have become inactive.

The final steady potential (DE) was considered to be a
steady4state condition representative of the film-forming

iron—~sulphide reaction.

Wanklyn and Spruit®® challenged Hadley's_interpreﬁation of his

potential-time results. They indicated correctly that a shift in

potential in the negative direction could only be interpreted, on

the basis of the Evans~type corrosion diagram, as resulting from

anodic depolarization (or cathodic inhibition: unlikely because of

the increase in corrosion rate caused by these organisms). Cathodic

depolarization would lead to positive shifts in potential (See Figure

13). Further potential-time studies by Wanklyn and Spruit showed

the following (Figure 14) :

(i)

(i1)

. The shift of potential in the negative direction found

by Hadley could be reproduced, but the active organisms
required the addition of lactate (resulting in sulphide

production) in order to bring about this shift.

After the rise in potential to noble values, further
additions of lactate or of H S-water caused further

small negative shifts,
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Wanklyn and Spruit concluded that the main contribution of the
sulphate-reducing bacteria to high corrosion rates was caused by
the production of sulphides leading to anodic depolarization and
consequent increases in corrosion rates. These workers also
| performed quantitative stﬁdies of the stoichiometry of the SRB
corrosion reaction®®. If the mechanism proposed by von Wolzogen

Kuhr and van der Vlugt were correct, the ratio

" mol Fe corroded

mol SOT reduced

would have the_value of 4. Wanklyn and Spruit considered that if no
organic hydrogen donors (such as lactate) were present and the .
von Wolzogen Kuhr - van der Vlugt mechanism were correct, values of
N lower than 4 would be obtained, as more sulphate would be reduced
by the organisms than could be accounted for by equation 4.10 if
active growth took place. If this were the case, their results
would agree with those of von Wolzogen Kuhr and van der Vlugt.

In no case, however, shouid thé value of N exceed 4, as this would
imply that more iron corrosion would occur than corresponds to the
amount of sulphate reduced by the mechanism of equation 4.10.
Wanklyn and Spruit found that, where lactate was added to the
culture medium in their corrosion experiments, values of N varied
from 0,9 to 1,5. This was consistent with-the.reaséning bf an
Wolzogen Kuhr and van der Vlugt. However, where lactate was
omitted from the culture medium, values of N betweén 5 and 9 were

obtained, indicating that the stoichiometry of 4.10 was not being
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followed. These authors also fdund, in experiments performed under
-an atmosphere of nitrogen and carbon dioxide, that appreciable
quantities of hydrogen gas, detectable by mass spectrographic

analysis, were evolved during corrosionm.

The progress in the period 1934 - 1959 may be summarized as follows :

Von Wolzogen Kuhr and van der Vlugt °* proposed that the corrosion
‘rate of fefrous metals which, in nétural environmeﬁts at neutral pH
is usually controlled by the rates of cathodic reactions (e.g. oxygen
reduction), is in the case of SRB corrpsion, accelerated by an
Melectro-biochemical" effect in:which the reduction of sulphate
catalysed by SRB is the cathodic reaction of the corrosion cell.
Stoichiometry was proposed for the corrosion reaction, and the
stoichiometric evidence invoked by these authors agreed with this‘
‘mechanism, although wide tolerances of error were allowed by the
probability of diséimilatory sulphate—feduction by the organisms
taking place in addition to biologically-catalysed cathodic sulphate-
reduction. The experimental evidénce quoted by von Wolzogen Kuhr
and van der Vlugt in favour of their mechanism wasrsolely stbichib-
metric and no electrochemical proof of cathodic depolarizatibq was

presented. *

Hadley®” presented experimental evidence which was interpreted
as supporting the von Wolzogen Kuhr - van der Vlugt mechanism.
Wanklyn and Spruit°'~presented similar results, but reasoned,

correctly so, that these results were not consistent with cathodic
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depolarization mechanism, but with an anodic depolarization one.
They also indicated that an appreciable amount of hydrogen evolution

s . 69
took place during corrosion .

The period followihg the introduction of polarization techniques

(the period 1959 to the present date)

Since the publication of the results of the first electro-
chemical polérization studies in cultures of sulphate-reducing
bacteria by Horvdth and Solti’° in 1959, many results of similar
sttdies have been preseﬁted. As yet, howeﬁer, none of these has
been subjected to analysis in terms of fundameﬁtal electrochemical
corrosion theory. It is the opinion of the author that the results
obtained have not been used to best advantage in characterising the
influence of SRB on corrosion. Névertheless the& have téen used
5s a basié for elaborate electrochemical theory. It is proposed
to present, in this section the estéblished experimental data'
together with the accepted theoretical interpretation, and to re-

examine the data using a fuller theoretical interpretation, in the

following chapter. Developments will be presented more or less

.in chronological order of appearance.

Horvdth and Solti’® (1959) performed polarization experiments
using steel électrédes in cultures of SRB aﬁd compared the polar-
ization results with the potential—time behaviour of unpolarized
eléctrodes. They found that potential-tiﬁe behaviour agreed

well with the results of Hadleya7 , and Wanklyn and Spruiff . Their
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polarization results demonstrated that, coinciding with the initial
drop in potential to a minimum value, bo;h caﬁhodig'and anodic
depolarization (characterized by an increase in current for a given
potential shift) occured (Figure 15). These depolarization effects
diminished during the folléwing potential-rise phase (Figure 16).
During the period of immersion of the electrodes, thé pH of the
cultures rose from values of between 7,0 - 7,2 to.values between
7,8 - 8,0. Aeration of the cultures at this stage, for 24 hours,

caused further diminution of the depolariéation effects,

Booth and Tiller”!published results of siﬁiiér work in 1960,
but took care to specify the organisms used in their eXpefiments.
They were able to draw a distinction between the influenéevof SRB
possessing hydrogenase enzyme and those not po;sessiﬁg.the enzyme
on polarizétion characteristics of'steel iq their éﬁltures. They
found that both hyd;Ogenase—positive and hydrogenase-negétive organ-—
iéms caused anodic depolarization. Intaddition to this, dnly‘the
hydrogenase-positive organisms affected the cathodic behaviour,
causing marked depolarizationm. Of the two effeéts, cathodic
depolarization was considered to be the more important to
corrosion mechanisms, since anodic depolarization was>1ater foliowed
by strong polarization (interpfeted as corrosion inhibition) effects,
Booth and Tiller considefed that their results supported the cathodic
depolarization theory of von Wolzogen Kuhr and van der Vlugt and
that sulphate reduction by cathodic Had; éatalysed by hydrogenase

enzyme was the cause of the observed depolarization.
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Booth and Wormwell?? performed weight-loss experiments in.
batch cultures of SRB using mild steel and found a roughly linear
relationship between the co;rosion rate and the hydrogenase
activities of the organisms used, as determined by hydrogen uptake
in Warburg manometry (Table 5). This gave strong support to ﬁhe
von Wolzogen Kuhr - van der Vlugt mechanism. The cofrosion rates
obtained in these experiments, however, were much lower than rates

obtained under natural conditions (See Table !).

Hoar and Farrer (1961)” published the results of electro-
chemical polarization studies in mixed cultures of soil organiSms
in which sulphate-reduction took place. They were unable to
demonstrate any alteration to eathodic polarization charaeteristics
by active sulphate-reducting Bacteria. »Cathodic cheracteristiCS»
were indistinguishable from those for the hydrogen eveiution reaction,
demonstrated in sterile electrolyte solutions such as sodium chloride
solutioné.‘ Hoar and Farrer were able to demonstrate however,
significant alterations in the gnodic polarization behaviour caused
by the addition of small quantities of sulphide to sterile electro-
lyte solutions, and by the growth vof sulphate-reducing organisms in
culture media. Lowering of the anodic Tafel slope from £hé usual
60 mv per decade of current to values as low es 35 mV per decade of
current occured. This work of Hoar and Farrer has been severely
criticised by Booth’f, mainly because of ina&equate purification
procedures whefe attempts were made te perform polarization experi-
ments in a pure‘culture, nevertheless it is the only atﬁempt that

has been made to study the kinetics of SRB corrosion using formal
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quantitativg eleétrochemical methods, and will receive further
'battention'wheh thé author's own results are diScussed; It must
be mentioned at this stage that the polarizatiomn méthods used by
Booth and his.co—workers in demonstrating "cathodic depolarization"
do not allow comments to Be made on cathodic kinetics at or near
the corrosion potential. Either the merhods used were not
sufficiently sensitive, or the interpretation of the results was
not sufficiently detailed possibly because of ignorance of the
theoretiéal background to the use of polarization methods- in
corrosion studies. In none of the work done by these authors has
there been any attempt ét a for@al electrochemical ipterpretation:v

of polarization curves..

.Further polarization studies published.by Booth and Tiller in
19627576, were considered to givé support to the von Wolzogen Kuhr -
van der Vlugt hypothesis. Of two strains.of Desulfbiomaqulum
nigrificans studied, one hydrogenase-positire, the other hydrogenase-
negative, only the hydrogenase-positive oﬁe effected_cathodic de-
polarization. Furthermore, a hydrogenase-negative s;rain of
h#lophilic SRB (Desulfbvibrio desulfﬂriqans strain El Aghéila
Z NC1B 8380) initially hydrogenése-negative and having no cathodic
depolarizing influence, devéloped hydrogenasé activity accompanied
by cathodic depolarizing activity after storage under hydrogen for .

one year, with intermittent subculture.

By the year 1964, the introduction of polarization techniques

had had the effect of demonstrating that both anodic and cathodic
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depolarizatiod occured when steel corroded in the presence of SRBr
Booth and his school considered that cathodic depolarization
accompanying catﬁodic sulphate reduction by Hads catalysed by
hydrogenase enzyme was the major mechanism by which SRB accelerated
corrosion." Cathodic depolarizrng activity of an organism required
the presence of hydrogenase, and this could be demonstrated add

assayed by hydrogen uptake in Warburg manometry.:

‘As yet, no laboratory corrosion experiment had given corrosion
rates approachlng those found 1n natural env1ronments.v The weight-
loss experiments of Booth and Wormwell7 had been performed in batch
cultore, and Booth; Shinn and Wakerley performed further weight—-
loss experiments using semi-continuoushcdlture‘technidues. ~ The

following significant points emerged ¢

(i) Corrosion rates underrConrinuOus culture conditions were
significantly higher than those demonstrated by Booth and
Wormwell in batch culture (Table_S),‘but were nevertheless
considerably lower than rates observed in natural

environments.

(ii) The linear correlation between hydrogenase activity of
a culture and its corrosivity,.demohstrated.by Booth
and Wormwell, disappeared completely, but nevertheless,
the hydrogenase positive strains gave considerably
higher rates than the single hydrogenase-negative strain

tested.
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(iii) The importance of thévferrous iron content of culture
media.to corrosion rates was demonétrated. The inflﬁence
 of increasing the Fe’* content of the medium used for
culturing Dv, desulfuricans (Hildenborough) from 25u M
(0,001z w/v FeSO4(NH4)2SO46H20) to 12 500 uM (o_,‘sz

V w/v FeSO“,(NH4 )2 364 .6H2 0) was to pring about an
approximate 6-fold increase in corrosion rate (see Table 5 )
The influence of this added iron'appeapéd to.be to cause
precipitation of any sulphide formed by tﬁe organisms as
a_loqse FeS deposit.aroupd thé metal specimen, rather
than aiiowiné the sulphide to form a tightl&vadherentb
corrosion product.film on.the metal sutface as océurred

in low~iron media.

Booth, Cooper and Wakefley7s performed further weiéhﬁ loss
experiments in semi-éontinuqus cﬁlture to study this newly-established
influence of diésolved ferrous iron oﬁ the corfo#ion process. They
found that organiéms which in previbus experiments had npthydrogenase
activity, déveioped it in iron-rich medig (12 500 ug_of Fe?*), and
this included Desuifbtomaculum species. Under thése conditions, no
correlation at all existed betweeﬁ hydrogenase enzyme activity and
corrosion rate, Organisms with manometrically assa&ed activities
using methyl viologen as a reducible substrate, of between 80 and
1150 ul/hour/mg dry weight gave corrosion rates in the relatively
narrow range of 15,3 - 27,4 mg/dnf/day. By tﬁis time evideﬁce,of

a correlation between hydrogenase activity and corrosion rates had
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become almost non—existent, neveftheless the authors found some suppoft
for the von Wolzogen Kuhr - van der Vlugt mechanism in their results.
The highest corfosion rates reported in laboratory cultures were found
by Booth, Cooper and Cooper?’®, using continuous culture techniques

in culture media containing sufficient ferrous iron (0,285% w/v of -

Fe?*

51 OOO’ug_was uséd) to precipitaté'all of the sulphide formed
vby.the organisms as solid ferrous sulphide. Extremely high corroéion
rates (95‘--221 mg/dm’ /day) of the mild steel specimens used, were
found in cultures of sulphate-rgducing organisms from various inocula,
while the sterile controls gave a corrosion rate of 2,6 mg/dm’ /day.
Corrosion products wefe logsely adherent black cocoons around each
specimen consisting of a mixtgre of siderite (Fecoaj an& troilite

(FeS), as evidenced by X-ray diffraction analysis. These rates of

corrosion approached the values found in natural environments (Table 1).

Booth, Robb and Wakérley8°, examined the influence of varying
the ferrous iron content of the culture medium on the electrochemical
polarizatioﬁ characteristics of mild steel electrodes. They found that
where sdlphate feducing bacteria grew in the vicinity of mild steel
electrodes in a "minimal d4ron medium" (i:e. of concentration 25 uM
Fe++), cathodic depolarizatioh occurred but because a hard adherent
sulphide film formed on the electrode surface; this effect did not
persist, (Figure 17). However, where iron-rich medium (12 500 uM
Fe++) was used, persistent vigorous cafhodic depolarization ensued
(Figure 18). This was accompanied by the formation of a loose,
bulky iron sulphide deposit on the electrode. The Dv.

desul furicans (Hildenborough) orgénism used in this work had a -
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hydrogenase éctivity (—QHSOé ) of 300 gl/hour/mg.dry wt.
DesulfbtomacuZum orientisz(singapore), which deveioped weak
hydrogenase activity‘under these conditions (-Qj:)4 = 20 ul/hour/mg.
dry wt.) was nevertheless able to cause considerable cathodic

depolarization (Figure 19).

By this stage (1968), it had become apparent that the presence
of bulky, non-adherent depositsof iron sulphide in contact with éteel
surfaces in the presence of SRB had a pronounced stimulatory effect
on both corrosion rates and cathodic depolarization. . Booth; Elford
and Wakerley®!, performed further polarization experiments in which
attempts were made to study separately the influence of‘a hydrogenase-
active éulphate-reduciﬁg organism and.of ferrous sulphide deposits
on the cathodic polarization characteristics of mild stéel. Cultures
of the hydrogénése-active organism Desulfovibrio desulfuricans
Teddington R(NCiB 8312) were used. This organism is capable of
using fumarate as terminal elecﬁron acceptor in dissimiiatory
reductive pfocesses in the place_of sulphate. By this means,
sulphides could be elimipated f:om the system, and consequently the
electrode surface could not be contaminated with solid Sulbhide
reaction products. It Qas found that thislorggﬁism wés able to
bring about cathodic depolériéétion, the effect being maximum at
2 days after inocﬁlation, and diminishing with time after this
(Figure 20). When sterile suspensions of FeS, prepéred from
ferrous chloride and sodium sulphate, in de—aerated 13 w/v ﬁéCl

solution were used in polarization experiments, vigorous
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cathodic depolarization was observed (Figure 21). The magnitude

of the depolarizing effect appeared to depend upon the quantity of
FeS in contact with the electrode surface. Horizontal electrodes
were used, and polarization runs were performed when the ferrous
sulphide in suspension had been allowed to settle on electrode
vsurfaces. These results indicated to Booth and his éo—workefs that
two sepafate'cathodic depolarization mechanisms were operative in

the corrosion process :

(i) Utilization of "polarizing hydrogen" by the hydrogenase
systems of the organisms consistent with the von Wolzogen

Kuhr - van der Vlugt mechanism,

(ii) Depolarization by solid ferrous sulphide vZa some

hitherto unknown mechanism.

This indicated that more detailed study of depolarizatioh'phenomena
was necessary and, if possible, biological and non-biological effects
should be studied separately. Attempts were made to-do this, and the

results will be presented separately in sections 4.2.1 and 4.2.2.

4.2.1 Biological cathodic depolariszation mechanism studies

If the von Wolzogen Kuhr - van der Vlugt mechanism were operative,
hydrogenase—catalysed sulphéte-reduction by Hads would take piace at
cathodic surfaces. This would, of course, result in sulphide
formation and introduce the depolarizing effects (or inhibiting

effects, depending upon the nature of the films formed) attendant
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upon the presence of FeS atvthe experimental electrode surfaceé;
Since the announcement of the existence of the hydrogenase of
Desulfovibrio species by Stepﬁenson and Stickland®® in 1931; it

was known that hydrogenase could catalyse the reduction of g number
of reducible substrates by molecular hydrogen. Apart from the
reduction of sulphate, Stephenson and Stickland showed that the
reduction of methylene blue by molecular hydrogen could be catalysed.
The hydrogenase activity of a particular sample of bacterial cells
could be assayed by measurement of the rate of hydrogen gas uptake
by the organism/reducible substrate system. Apart from sulphate
énd methylene:biue, various other fedox dyes had'been used in

Desul fovibrio hydrogenase assay : notably methyl viologen by Peck

and Gest®? and benzyl viologen by King and Winfield®®.

Iverson®® (1966) published the results of expériments in which
benzyl viologen was used to demonstrate the cafhodic‘dépolérizing
properties of Desulfovibrio cells. A mild steel coupon was placed
~upon the surface of solid agar containing tris buffer and benzyl
viologen. Desulfovibrio cells obtained from a separately-grown
culture were placed under one portion of the cﬁupon. After 17 hours
incubation in a nitrogen atmosphére, a violét area of reduced benzyl
viologeﬁ was found under the portion.of the coupon in contact with
the cells. The use of ferricyanide reagent disclosed that ferrous
iron was present under the portion of the coupon remote from the
cells, indicating that metal dissolution (corrosion) had taken

place here. Using separate coupons one in contact with cells, the
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other not, é sustained current of | A per square centimeter, with
the coupon in_contact with the cells cathodic, was detected between
the two. Iverson was unsuccessful, however®®, in demonstrating
similar cathodic depolarization currenté, using sulphate as reducible
substrate. He suggested that possibly some other electfon acceptor
(such as phosphate, since phosphides were found together with
sulphides in some corrosion products®®) was operative if von Wolzogen

Kuhr - van der Vlugt depolarization took place.

Booth and Tilleré6 attempted a study of hydrogenase-catalysed -
cathodic depolarization using resting-cell suspensions of Desulfovibrio
and Desulfotomaculum species in tris buffer at pH 7 using benzyl
viologen as a reducible substréte. Mild steel working electrodes
were used, and great care was taken to exclude oxygen from the
experimental system. It is necessary'to describe thé polarization

cell used by Booth and Tiller in some detail.

A two-compartment polarization cell was used, each compartment
being similar in design to a Hirsch-type gas scrubbing aparatus
(Figure 22). Anodié and cathodic compartments were identical, and
working electrode and counter-electrode were of the same metal
(mild steel). The composition of the electroiyte in the énolyte
(counter-electrode compartment) was maiﬁtained as tris buffer at
pH 7,0 while that in the catholyte (working-electrode comﬁartment)

was varied. The following catholytes were used 3
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a) tris buffer (pH 7,0)

-5
b) tris buffer containing 7,3 x 10 M benzyl viologen
c) suspension of Dv, vulgaris in tris buffer
d) suspension of Dv. vulgaris in tris buffer +

-5
7,3 x 10 M benzyl viologen
e) suspension of Dt. orientis in tris buffer
f) suspension of Dt, orientis in tris buffer +

-5
7,3 x 10 M benzyl viologen

A contfqlled poténtial_range of =650 mV to-950 mV (she) was
employed. No cnrves.comparing results of (a) and (b) are reported
with the results of.this work, but tﬁe authors state that " at none
of the potentials used in this work was benzyl viologen reduced at
the cathode in the absence of eitﬁer bacterial cells or cell
fragments".. If this was so, no deteétable difference should have
been observed between results of experimenté with catholytes (a)
and (b)a  Booth and Tiller were able to show, however, that cell
suspensions of differing hydrogenase activities brought about
depolarization, at the potentials used, of increasing magnitude
with increasing hydrogenase activitiesl(Figure 23).  The hydrogenase-
negative cells of Dt. orientis caused no such depolarizing effect.
(Figure 24). Analysis of the anolyte for dissolved iron showed that
the amount of iron corroded from the steel countér-electrode was
faradaically equivalent to the amqunf of current supplied by the
potentiostat. It would have been most surprising if thié wére not -
the case, and the observation appears to be of no significance.

Combined analyses of anolyte and catholyte indicated that the amount
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of iron that had passed into solution was electrochemically equivalent
to the amount of benzyl viologen reduced. Booth and Tiller inter-
preted their results as being wholly consistent with a modified
von Wolzogen Kuhr - van der Vlugt depolariza;ion theory in which
hydrogenase enzyme brought about cathodic depolarization by
catalysing the reduction of benzyl viologen by H, - A diagram of
their reaction scheme is presented in Figure 25. In polarization
experimenté performed with disrupted cells and cell fragments of

Dv, vulgaris, Booth and Tiller found that cell wall fragments and
combinations‘of cell wall and cell membrane fragments were inactive
in producing depolarizaﬁion effects. Cell cytoplasm fraqtions did
produce these effects and the autﬁors considered that the active
enzyme was situated here (i.e. within thg cell wall and éell

membrane) .

Further cathodic depolarizing effects of hydrogenase-positive

Using

organisms have been demonstrated by Mara and Williams®? %%,

methylene blue in the terminal electron acceptor role éssigned to
benzyl viologen by Booth and Tiller, they demonstrated that a wide
range of hydrogenase-positive photosynthetic and non-photosyﬁthetic
bacteria as well as microalgae could bring about depolarization
effects at iron cathodes of the type described by Booth and Tiller.
Hydrogenase-negative oréanisms failed to demonstrate this effect
(Figure 26). They concluded that, since most of the

organisms were capable of nitrate reduction, von Wolzogen Kuhr -

van der Vlugt depolarization linked with nitrate reduction could be

an additional cathode-depolarizing mechanism in natural environments.
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Mara and Williams claimed support for this hypothesis from
weight-loss experiments with mild steel in the presence of a
hydrogenase-positive nitrate-reducing strain ofE%cherichia coll
(NC1B 8666)?’. The& claimed that corrosion was ceonsistent with

_ the stoichiometry

Fe + HO + NO, —> Fe(OH), + NO, 411

A hydrogenase-negative organism (Pseudomonas stuzeri s NC1B 9040)
gave considerably lower corrosion ;ates and did not obey this
stoichiometry. Ashton, King and Milier’o, in‘more careful work

with the same-hydrogenase-positive ﬁrganism used by Mara and
Williams, found no correlation between the amount of.nitrate

reduced and the amount of gorrosion. _They concluded that mechanisms

other than enzymic depolafization were responsible for the corrosion

observed,

4.2.2  Studies of corrosiveness of the sulphides of iron

1t had become apparent’® %! from the work of Booth et al ﬁhat
the presence of-bulky ferrous sulphide-precipitated by SRB from media
containing large quantities of dissolved Fe (12 500 uM) brought about
high corrosion rates and cathodic depolarization. Kihg, Miller and
'Wakerleyg‘:demonstrated conclusively that high iron contents of this
order were necessary for continued high corrosion rates in the
presence of SRB. If the iron content of the medium,_initially high
and of the order required to give high corrosion rates in semi—

continuous culture, were reduced to the level merely required to
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sustain growth, corrosion was almost completely arrested. Moreover,
in these experiments, hydrogenase-positive and hydrogenase-negative
SRB gave approximately the same corrosion rates, and —Qi?ﬁ values
bore no relationship to corrosion rates. King, Miller and Wakerley
concluded thus; that the ofganisms' ability to produce FeS in contact

with the corfoding metal was their chief contribution to high

corrosion rates.

Mara and Williams9f performed polarization experiments with pure
iron electrodes in contact with samp;es of various sulphide minerals
and dembnstrgted differences in their polarization characteristics
(Figure 27). bUnfortunately, this work suffers ffomvinadequate
description of the experimental technique and also from lack of
comparative figures for pérticle size or surface areas of the
sulphides used, as cathodic activities would be best compared on
the basis of curreant densities;'rather thén total currents as was
done. The results indicate that greigite, mackinawiﬁe, pyrrhotite
and marcasite were the most active in cathodic and gnodic depolar-
ization. King and Wakerley93 selected mackinawite for éarticular
study, since this is the first—-formed iron sulphide during bacterial
corrosion’**®*®,  Weight-loss experiments in bacteria~free systems
demonstrated a quantitatiye relationship be;ween the amount of |
mackinawite in contact with the corroding steel surface énd the
amount of metal corroded. Mackinawite emerged as a corrosive agent
which caused corrosion of steel roughly via first—order kineﬁics
with about IOmg of iron corroded by | ﬁmol mackinawite. Continued

high corrosion rates could only be sustained where the ferrous
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sulphide was reguiarly replaced.

King, Miller and Smith’®, extended this work to compare the
corrosive effects of various other sulphides of iron.  Widely
differing corrosion rates were found (Table 6), and it seemed that
the corrosiveness of the sulphides increésed with their sulphur
content. The bright, etched appearance of the mild steel specimens

suggested that they behaved as anodes in a galvanic cell with the

"~ sulphides acting as cathodes. The corrosivity of the sulphides did

not follow the order suggested by the polarization results of Mara
and Williams®?, fyrite being the most corrosive in weight-loss
experiments while causing the smallest depolarization effects in
polari;ation experiments. King an& Miller®’7et ai.suggested that
absorption of cathodically producéd hydrogen by the sulphides may be
responsible for their inactivation as cathodes (continuous replenish-
ment of the sulphides was necessary for high corrosion rates).
Differences in the rates of corrosidn caused by the various sulphides
were suggested to be due to different rates of absorptioﬁ of

cathodic hydrogen by these sulphides.

Summary of theory presented to date

(i) Von Wolzogen Kuhr and van der Vlugt (1934) presented a theory
of the mechanism of SRB corrosion based on cathodic depolar-
ization caused by the hydrogenase-catalysed reduction of sof

by H, . Stoichiometric evidence presented by these workers

ads

was not at variance with their theory.
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(iii)

(iv)

(v)
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Potenﬁial—time studies by Hadley (1948) and by Wénklyn and
Spruit (1952) indicated that anodic depolarization of steel
took'plaée during active growth of SRB, and Wanklyn and Spruit
proﬁosed that anodic depolarization was caused by biologically
produced sulphides_and fhét cathodic hydrogen evolution

occurred.

Horvdth and Solti (1959) and Booth and Tiller (1960) used
electrochemical polarization methods to demonstrate that SRB
brought about both anodic and cathodic depolarization at mild

steel electrodes.

Booth and Tiller (1960 - 1962) demonsfrated a.co£re1ation
betweén hydrogenase.activity and cathodic depélarizing activity
of SRB cultures, and Booth and Wormwell (1961) demonstrated, by
means of weight-loss experiments, that corfosivity of various
strains of SRB depended upon their manometrically determined
hydrogenase activity. In subsequent’electfochemical work in
actively growing SRB cultures using suiphate as terminal
electron acceptor, and weight-loss corrosion detérminations,
this correlation between hydrogenase activity, cathodic de-

polarization activity and corrosivity disappeared.

Hoar and Farrer (1961) demonstrated, admittedly in cultures of
SRB that might not have been pure, by means of formal electro-
chemical polarization studies, that cathodic depolarization

appeared to play no role in the corrosion mechanism, but that
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a lowefing of the anodic Tafel slope definitely took place

in the presence of SRB.

(vi) Booth,vElford and Wakerley (1968) indicated that apart from
von Wolzogen Kuhr - van der Vlugt depolarization by bacteria,
solid ferrous sulphide at the mild steel surface could cause
considerable cathodic depolarization. Ferrous sulphide
causing depolarization was a loose bulky precipitate likely

- to be formed by reaction of bacterially-produced H S with
'dissol?ed Fe in the medium, rather than an adherent corrosion

product film formed at the metal surface.

(vii) Booth and Tiller (1968) demonstrated a correlation between
cathodic depolarizing aétivity of resting cells of SRB with
benzyl viologen as '"terminal electron acceptor' in the place
of sulphate, and the hydrogenase activity of the cell sus-
pension. This was taken as direct proof of von Wolzogen Kuhr -
van der Vlugt depolarization. Mara and Williams (1971 - 1972)
demonstrated this type of depolarization effect in cultures of
a number of other hydrogenase-positive organisms, using.methylene
blue as "terminal electron acceptor", and suggested that
von Wolzogen Kuhr - van der Vlugt depolarization with nitrate |
as reducible substrate might take place in a wide range of

corrosion situations in natural environments.

'(viii) King, Miller et al (1971 - ) have demonstrated that the
formation of corrosive ferrous sulphide is the main contri-

bution made by SRB to corrosion rates of mild steel. They
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have shown that cathodically active FeS loses this activity
after a time and have proposed a model SRB corrosion system
in which von Wolzogen Kuhr - van der Vlugt depolarization of

FeS cathodes occurs allowing continuous high corrosion rates

(Figure 28).
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CHAPTER FIVE

5 A CRITICAL.APPRAISAL OF THE VON WOLZOGEN KUHR - VAN DER VLUGT

MECHANISM

A detaiied examination of cathodic depolarization phenomena
recorded in the presence of sulphate-reducing bacteria may be justi-
fied by a number of reasons. The phenomenon of corrosion caused by
these organisms represents a considerable gap in corrosion theory.
The answer to the question of whether or not an enzyme system can
catalyse electrode reactions may have profound significance to
electrochemical and biological science and technology. Suggestions
have been maaé that SRB cultures may act as useful ‘eléctrode feagents
in Biological fuel cells?®?. The putative sulphate-reduction
cathodic reaction will be examined against the background of existing
knowledge of cathodic processes and the biochemistry of sulphate
reduction. The scope of the experimentalisection of this thesis

will then be outlined.
The sulphate reduction metabolic pathway of SRB may be of use
to the organisms in two possible ways:

(i) The sulphate reduction system serves as a sink for

electrons liberated during oxidative metabolic processes.

(ii) Energy fixation, such as phosphorylation resulting in

the formation of ATP, may occur during the process.
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If either or both of these alternatives are true, cathodic hydrogen

(or electrons) must compete for the sulphate reduction system with
hydrogen or electrons liberated during metabolic processes.. This
proposed compétition is expressed diagramétically in Figure 29. If
there is a yiéld of biologically useful compounds such as ATP during
sulphate reduction this competitive intervention of cathodic processes
may be of‘benefit to the organisms. If no such yield results,
cathodic processes catalysed by the organisms would merely be wasteful
of sulphate required as an electron acceptor. The orgaﬁisms would,
in such a case, not be expected to flourish in the vicinity of corroding
metal. It is well known, however, that the organisms grqw Qigorously
in assOcia;ion with corroding stegl and this ihdicates the possibility
of a biologicall& catalysed cathodic sulphate-reduction reaction of

some benefit to the organisms.

An alternativg possible relationship between organisms and
corroding metal is that a suitable environment for growth of thé“
organisms is generated by corroding stéel, for example, by supplying
the high dissolved iron content favourable to grdwth'as in&icated
by Baas Becking et alff, and that metabolic waste products liberated
during growth, e.g. sulphides, are tﬁemselves corrosive; The role
of the organism in corrosion in this case would be a secondary 6ne.
We may thus define the following possible roles for SRB in cofrdsion

processes

(i) Primary role: The organisms intervene directly in
corrosion reactions, accelerating them, and derive some

benefit, possibly ATP, by doing so.
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(ii) Secondary role: The environment generated by the
corroding metal is favourable to growth, possibly in its
iron content, and the metabolic waste products of the

organisms stimulate corrosion.
A detailed examination of cathodic corrosion processes and

sulphate-reduction processes is necessary before deciding upon either

of these alternatives or emnlarging upon them.

Thermodynamic considerations

Standard thermodynamic data for some of the_peftinent reactions
are given in Table 7. Values of AG® used in these calculations and
their sources are given in the table. These results indicate the

following:

(i) The reduction.of sulphate by moleculér hydrogen taken up
by the hydrogenase system of SRB is thermodynamiéally
possible and may yield energy to the organisms if suitable
energy-fixing systems such as phosphorylation systems are

present.

(ii) The reduction of sulphate with lactate as hydrogen donor,
as practised by SRB (reaction ii) is thermodynamically
possible and may result in a yield of energy to the

organism,
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(iii) The von Wolzogen Kuhr - van der Vlugt reaction
(reaction 1iii) is thermodynamically possible when the
substances involved are in their standard states. Hoar
and Farrer®® havé calculated, using the Nernst relation-

-3 o -12
ship with values of a .= 10 M, a =10 M and

S0, s*
pH = 7 (reasonable values for an agressive natural
environment) that the equilibrium potential for

'soz"+ 4HO + 8e ——= §*7 + 80H" 5.l
. 2 . .

would be -0,200V (she) making it a thermodynamically
possible cathodic reaction (the published‘value of

0,002v°? is probably a printing error).

(iv) and (v). During the reduction of sulphate to sulphide,
which is known to take place stepwise via sulphite in

39,59

organisms s no significant free energy change takes

place during the reduction (iv) of sulphate to sulphite.
The free energy change accompanying the reduction of
sulphite to sulphide (v) is relatively large and is

close to the value of that for the overall sulphate

reduction process (i).

5.2 The kinetics of cathodic reactions on iron and the von Wolzogen Kuhr -

van der Vliugt Mechanism

We shall consider here the individual steps of this mechanism

(steps 4.5 to 4.9) against the background of established knowledge
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of cathodic reactions in order to evaluate its validity.

5.2.1. Can_reaction 4.5 supply sufficient hydrogen ion to permit the

von Wolzogen Kuhr = van der Viugt depolarization reaction to

proceed at current densities observed in polarization experiments?

The step in question is

8H 0 —> 8H +  8OH _ 4.5
A _

Canlit supply sufficient hydronium ion to support current densities
observed during "cathodic depolarization". . (e.g. Booth and Tiller”':7* 7¢
report values of up to 100 uA c¢m *for this phenomenon and the pH at which
these values were reported is:clbse té‘neutraliﬁy, i.e. ﬁH'7). "Delahay'°2
has provided a means of answering this question by calculatioﬁs of the
maximum current densitiés associatéd with the discharge of hydfbnium ions
formed by water dissociation.  The calculatiqn is fpr a plane electrode
at which hydronium ion is reduced to hydrogen and water. The possible

sources of hydronium ion at the electrode are !

(i) the ions transferred from the bulk of the electtolyte to the

interface and,

(ii) hydronium ions formed by water dissociation in the vicinity

of the electrode.

The expression derived is

-
®
o
!
¥

- Sad 5.2
Led FH 0+ - r Hyot - Con
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. . . +
where k.r 1s the rate constant for the recombination of H30

and OH ions according to
20 = mo + oH 5.3

: 13 , ,
and has the value 7,85 x 10 ( moles per em® )™! sec! at 25°C.

The diffusion coefficient, D of hydronium ion is 9,34 x 10~°

+
H30

“em® sec™!'.. Using the value of Onsager'®® for the ionic product of
=20 '

water CH30+ X COH— of 10 . (moles per cnﬁ)f,S.Z simplifies
to
tcd = 0,83 CH ot 5.4

in which ¢ , is in amp em™? ‘and C, o+ in mol em™?,
| B s _ ,

Using this relationship, we may calculate that the maximum possible
current density allowed forvthe discharge of hydronium ion produced
by water dissociation, icd’ at pH = 7,0 is 8,3 uA cmiz. This is in
the absence of overpotential limitations on the process‘aﬁd must be
considered as an absolute maximﬁm. It may thus be concluded that

step 4.5 cannot supply hydrogen ion in sufficient quantity to support

the current densities observed during 'cathodic depolarization' at

more or less neutral pH values. The species most likely to feed
H, to the cathodic depolarizing system is water, which is present

. . . +
at pH 7,0 at much higher concentration than is H,0 .

Assuming then, that water is the source of cathodic hydrogen, we may

write an equation equivalent to 4.5, 4.6 as follows :
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_+ 80H - 4.6a

4tPe  +  BHO —> 4’ 4 8 H

Now, if the von Wolzogen Kuhr - van der Vlugt mechanism were true,

any reaction removing this H . in the absence of catalysis (i.e. in
the absence of its being enzymically removed for SOf_; reduction) woula
be a rate determining step in the cathodic hydrogen evoiution reaction,
and thus in the cathodic corrosion reaction. This is an important
point upon which hinges the validity of the von Wolzogen Kiihr -'vén

der Vlugt mechanism. The questions to be answered are as follows :

Is the removal of th; a rate-determining step in the attack of
neutral de—aerated water on metallic iron? In a system in whiéh iron
is corroding by an electrochemical mechanism at neutral pH, can the
overall procegs be accelerated by accelerating thg rémova; of Hads2
This is a question in electrochemical kinetics and we may draw an

answer from established data.

5.2.2 ‘The kinetics of cathodic reactions on iron

We know the rate of corrosion of iron in neutral de-aerated water
to be extremely small. If the von Wolzogen Kuhr - van der Vlugt
mechanism is true, iron in neutral de—aerated water corrodes ét an
infinitesimally slow rate because of very slow rate-determining re-
actions involving the removal of‘cathédically—formed ths.H’An'
examination of the electrode kinetics of the hydrogen evolution re-

action on iron will tell us if this is so.
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It is necessafyvhere, to introduce the possible mechanism schemes for
the h.e.r. in order to discuss dépolarization reactions any further.
The possible mechanisms are well—documented in eléctrochemical text-
-bookssl“°f, and one of these is described in reactions 2.32 - 2.34,

-The possible steps are as follows ¢

+
M + HO +e —>Mi  + HO (acid solution) 5.5a

M + HO +e —>Mi =+ OH (meutral and
' alkaline solutions)
5.5b

M represents the metal surface at which the reaction takes place.
Subsequent to the formation of P&&ds,.the reaction may proceed along

two possible paths ¢

(i) Chemical desorption may occur :

Z,P&kda . > 2M .-+ H2 | | 5.6

(ii) Electrodic desorption may occur

> M -i-”H2 O+>H2‘

(acid solution) 5.7a

ads

MH o+ H30+ + e

>M + OH + H

ads - 2
(neutral and alkaline
solutions) 5.7b
Electrochemical criteria, some of which are described in section .
2.4, may be used to diagnose which of the above steps is rate-
determining. If the removal of H . is not rate-determining,

increasing its removal rate will have no influence on the overall
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cathodic charge transfer rate. Three groups of experimental data

will be invoked in discussing the kinetics of the h.e.r. on irom.

(1) Differences between heats of activation for H 0 discharge

and H, o* discharge

Parsons and Bockris!®S

using the reasoning of absolute rate
theory, calculated the difference in heats of activation ef
reactions 5.5 (a) and 5.5f (b). Standard enthalpy data for

the reacting species and products were used as follows :

For 5.5 (a)

° T2 o o _6 +y_ .0

H S, 4(a) H <Hedq )s.a(a) ~H (H30 ) — H (e) 5.8(a)
and for 5.4 (b)

o o . 0 '°‘ - » v :
H15.4(b) = H (Haqs )s.a(b) T H (_OH ) - 5.8(b)

H (H,0) - B (e)

The standard enthalpy of dissociation of water into its ioms,

. _
B (HO) + W(H) - H (2H,0), was taken as 13,6 k cal. The
difference of the standaitd heat content of adsorbed hydrogen
for the two reactions was taken as arising from the interaction
energy difference between the couples H .. and H,Q and ths
and OH . Calculation of these interaction energies from

potential energy-distanee reasoning enabled the difference
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in activation energies to be calculated:

By - i =.vﬁf(H

- H

(ii)

504(b) 504(8) ads )5.4([)) -

’ (H, 44 }5."4(5) + ¥ (H, o*). + H (OH ) - ”Ho (.2H2 0)

5.9

as being between 7 and 14 k' cal.

Bockris,vDrazic and Despic!®®, examined experi-
mental electrode kinetic data for hydrogen evolution from
H 0" and H O species on’ iron electrodes. From the
exchange current densitiés for hydrbgen evolution from
l-g o and I-I2 0 they calculated that the heat of activation
for hydrogen evolution on irbn'from % 0 was 9,6 k cal
_mol“'greater than that from H 0*. This was within the
range‘predicted by Parsons and Bockris and was con=-
sidered to be consistent with the argument that charge-
transfer reactions fo;ming Hads,.i.e. reactions 5.5 (a)
and 5.5 (b), were rate‘deterﬁining steps in the hydrogen

evolution reaction on iron.

Transfer coefficients, Q, for the hydrogen evolution

" peaation on iron

Using the reasoning developed in Chapter 2, we may

caiculat:e from
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ey
[
<I<d

+ I8 - 2.36

(using the values of y,v and r, appropriate to the various
mechanisms and assuming a symmetry facﬁor, B, of 0,5) what
the anticipated values of o for the mechanisms 5.5 =~ 5.7
would be. Calculated values with the consequent Tafel
slopes are given in Table 8. Most observed Tafel b values
for the h.e.r.'on’ifon approximate to 0,12V in both acidic

1044106108 ' 7his indicates a transfer

and neutral solutions
coefficient,o of 0,5 allowing us to eliminate
(1) discharge followed by rate-determining

chemical desorption.

(ii) discharge followed by rate-determining
electrodic desorption.

as possible reaction mechanisms.

It is apparent, thus, that this type of experimental
data indicates also, that the discharge of H30+ or of H O

species is the rate-determining step in the h.e.r. on iron.

(iii) Hydrogen pressure/Hydrogen overpotential data

Enyo'®?*%1% has introduced a diagnostic method for
hydrogen evolution mechanisms based upon the‘relationship
between hydrogen pressure and hydrogen overpotential. The
reasoning used by Enyo was that, if the discharge step

(i.e. 5.5) were rate-determining, the other step (5.6 or 5.7)
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would be in quasi-equilibrium. | This would mean that,
ﬁe;e the ambient hydrogen pressure kept constant, the
aéti?ity of the adsorbed intermediate H , = would remain
constant, irrespective of overpotential. Conversely, if
steps 5.6 or 5.7 were rate-determining, the discharge sﬁep
(5.5) would be in quasi-equilibrium and a, would be
dependant upon n. Considering hydrogen p;::sures Py

2
hypothetically in equilibrium with H .. » Enyo concluded ;hat
if 5.5 is rate—-determining pH2‘shou1d be independent of n.

Where 5.6 or 5.7 is rate-determining py should vary with n
’ ' 2 .

according to
ns WD Inp, 1 opy 5.0

where £ = F/RT and Ph oq is the value of Py where the over-

2 2
all reaction is at equilibrium., Hydrogen pressure/ hydrogen
overpotential data studied by Enyo were consistent with the

discharge step (5.5) being rate-determining.

We must conclude,‘therefore, that most established
electrochemical data indicate that the siow discharge -
rapid desorption mechanism is the most likely one for the
h.e.r. on iron. Plotting the available electrochemical
dgta on an Evans type of corrosion diagram (Figure 30),
we may evaluate the statement that H = causes "cathodic
pelarization", and that its removal will accelerate corrosion

rates. It is evident, from the reasoning accompanying this
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diagram, that this is not the case.

Since it seems unlikely from the foregoing reasoning
that catalysed sulphate reduction using Ho.. formed at
cathodes on iron would affect the rate of cathodic charge

transfer, we must next consider whether the reaction

so, + 4HO0 + 8 —>5 + 80H 5.1

proceeding by any mechanism whatsoever is likely to be the

cathodic reactions in SRB corrosion.

5.3 1Is reaction 5.1 the cathodic reaction in SRB corrosion?

THermodynamics (Table 7) gives theianswer that reaction 5.1 is
an energetically possible reaction. Existing literature on the
cathodic reduction of sulphate tells us that it is an extremely
difficult reaction to perform. Cathodic formation of sulphide can be
achieved, but has only been reported in concentrated sulphuric acid
at high voltagesvand at temperatures greater than 160°C'!!. We
have indicated above thaf it is unlikely that this re#ction, pro-
ceeding vZa the mechanism of von Wolzogen Kuhr and van der Vlugt, is
the cathodic reaction of SRB corrosion. in considering the
péssibility of its occurence via some other meéhanism catalysed by |
SRB, we shall examine the nature of hydrogenase enzyme and the

details of the sulphate-reduction reaction as performed by SRB.
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Hydrogenase enzyme, as first described by Stephenson and
Stickland in 1931°° ®®, was an enzyme catalysing the reduction of
substances by molecular hydrogen. For example, in the case of

sulphate reduction :

SO,  + 4H > S° + 4HO

is the reaction catalysed. The relatively large number of experi-
mental investigations that have been made of hydrogenase systems since
that date have all described the enzyme as catalysing the reduction of

some species by molecular hydrogen (dissolved H or H, gas)’_’-2

-129
Moreover the accumulation of biochemical knowledge since that date has
allowed a more precise definition of the role of hydrogenase to be
given. The systematic name of hydrogenase enzyme as defined by the

International Union of Biochemistry (1964 is, "Hydrogen :

)139
ferredoxin oxidoreductase'(classification number 1.12.1.1.) It is a

catalyst for the reduction

“H, + 2 ferredoxin —> 2 Reduced ferredoxin - 5.1

The reduced ferredoxin thus produced may be directed into various
~biological reducﬁion pathways, such as the reduc;ion of sulphate,
nitrate, fumaréﬁe, or redox dyes. It must be emphasised that the
function of hydrogenase is to catalyse equilibria involving molecular
hydrogen and a reducible species. Green and Stickland demonstrated the
equivalence of h&drogenase of Eschefichiavcoli with colloidal palladium
in catalysing the reduction of methyl viologen by molecular hydrogen!?!.

Hydrogenase-catalysed sulphate reduction using cathodically-liberated

hydrogen would seem unlikely, as no molecular hydrogen would be
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available (apart from the extremely small quantities formed by h.e.r.
during corrosion in neutral solutions, seevFigure 30)lto feed the
hydrogenase enzyme system. Were H%ds presented to the enzyme system,
a reaction more consistent with the pfoperties of hydrogenase wbuld_

be

M hydrogenas'er>,.H2 5.12

ads

but we have indicated above (section 5,2) that this would be unlikely

to affect the cathodic charge transfer rate. If this argument is
correct, thére must Be another éxplanation for the correlation between
hydrogenase activity and depolarizing activity, observed by Booth and
Tiller®®, than that advanced by the authors themselves. An alternative
explanation will be advanced in discussing the experimental results

of this thesis.

A careful examinationvof the biochemistry of the dissimilatory
sulphate reduction system allows a further evaluation of 5.1 as a
possible cathodic reaction during corrosion, on biochemical grounds.
The question to be answered is ¢ is the reduction of sulphate to
sulphide gainful to the organisms in terms of energy? If thisvwere
so, reduction of sulphate by cathodic charge via fhe organisms®
enzyme systems might be advantageous to them. The mosf likely
biological eﬁergy-fixing system in this case would be a phosphory-
lation system leading to the formation of ATP. We shall exmmine the
possibility of phosphorylation taking place during sulphate reduction.
A comprehensive review of the biochemistry of dissimilatory sulphate
reduction has been published by Roy and Trudinger’®’. A schematic

summary of the sulphate reduction pathway presented by these authors
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is given in Figure 31. If hydrogenase~catalysed cathodic charge
transfer to the sulphate reduction system is unlikely (fof.reasons‘
given above), it is possible that ferredoxin or cytochrome C, may
be reduéed directly at the cathode, and the reduced substances fed
into the sulphéte reduction pathway, as indicated. Such a process
would interfere with the role of sulphate as a sink for electrons
liberated during oxidative metabolic processes. The only possibie
benefit of such a process (cathodic feduction of ferredoxins or
cytochrome C, and, ultimatély, of sulphate) to the organisms would
lie in the pro@uction of biologically useful compounds such as ATP.
The turnover.of high—energy phosphate bonds during dissimilatory

sulphate reduction has been investigated by Peck!2?8+129r132=135

and
as a result, it is possible to divide the sulphate reduction process

into two parts which will be described separately.

(1) The reduction of sulprate to sulphite

Peck’sf isolated a cell-free system which could reduce
sulphate to sulphite under an atmosphere of hydrogen.
During this process, one mole of ATP was consumed for each

- mole of Hz,taken up. Peck postulated the existence of an
ATP suléh&rylase system catalysing the formation of adenosine
phosphosulphate (APS) as the primary step in sulphate re-

duction.

ATP + SO, ——> APS + PP | 5.13

(PPl represents inorganic metaphosphate)

Subsequent studies of this system have confirmed that this
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is the case. It has further been demonstrated'?®® that

this APS 1s subsequently reduced to sulphite and adenosine

_monophdsphate in the presence of molecular hydrogen, the

reaction being catalysed by an APS - reductase enzyme gystem

APS

_ 2— +
APS + ,  Teductase AMP + SO4 + 2H 5.14

Thus far, the reduction of sulphate to sulphite has
involved the consumption of one mole of ATP per mole of

sulphate reduced.

- The reduction of sﬁlphite to sulphide

The intermediate steps in this process are not as well
known as those in the reduction of sulphate to sulphite.

The presence of a sulphite-reductase system cataleing

SO!T '+ 3, ——> S+ 3H0. 5.15

has beeﬁ demonstraged13§,~buf thé'details.of the process are
not yet clearly established. Peck‘af has reported evidence
of phosphorylation coupled with sulphite reduétion, but as
yet this has not been satisfactorily confirmed. For the
sulphate to sulphide réduction as a whole to be gainful in
ATP productioh, at least two moles of ATP must be produced
pef mole of sulphite reduced,.since the sulphate-sulphite
reduction consumes one mole of ATP. Thermodynamics'

(Table 7) tells us that the production of 2 moles of ATP

is energetically possible. ' The free energy yield of

sulphite reduction (31,27 k cal) would be sufficient to
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allow 2 moles of ATP to be formed per mole of sulphite
reduced. The basis for this statement is that the cal-
culated value of Burton and Krebs'°! of 9,4 k cal mol™'
for pH 7,5 and the unit activity of ATP (and 13 - 16 k cal
mol™! for the concentrations found in animal tissues), for
the free energy change associated with the hydrolysis of

ATP to ADP and inorganic phosphate.

While it is possible energetically for the sulphate-reduction
process to be gainful in energy to the organisms, for example, via
phosphorylations, Khosrovi, MacPherson and Miller have demonstrated
that hydrogenase-catalysed sulphate-reduction (accompanying hydrogen
uptake) competes against organic substrate oxidation (e.g. lactate
oxidation) for the sulphate-reduction system'®?. They have demon-
strated that in actively growing cultures where H is supplied, the
organic substrate oxidation process competes successfully against H,
oxidation for the sulphate-reductase system. In manometric experi-
ments they found that H oxidatién was completely inhibited during
active growth. Only in resting-cell suspensions (i.e. non-growing
cells suspended in buffer solutions) did hydrogen uptake coupled with
sulphate-reduction occur. This indicates that, were hydrogenase-
catalysed depolarization accompanied by sulphate-~reduction to take
place in the presence of SRB, this would not be achieved by actively
growing cells and that no apparent benefit in terms of energy uptake

would accrue to the organisms.
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5.4 Summary of chapter 5 and outline of scope of experimental work

to be conducted

In this éhapter, the von Wolzogen Kuhr - van der Vlugt mechanism
has been examinedAagainst the Background 6f established therﬁodynamic,
electrode kinetic, and biochemical data. Thermodynamics indicates
that the overall reaction scheme is possible, but kinetic data,
particularly regarding the presence of ths at electrode surfaces as
a rate-limi;ing factor, indicates that the steps postulated by von
Wolzogen Kﬁhr and van der Vlugt (Steps 4.5 - 4.9) are uglikely.
OtherApossibie mechanisms of cathodic depolarization accompanied by
suiphate-reduction have been examined. The utilisation of cathodic
electrons for sulphate-reductiOQ by the SRB may have advantages for
the organisms in ATP formation. Energetically, the use ofvcathodic
electrons for sﬁlphate-reduction by the éRB may hold advantages for
the organisms but as yet, no direct experimental evidence of this
exists. Indirect experimental evidence (i.e. ﬁhat of Khosrovi,
MacPherson and Miller‘37)‘indicates that the organisms would not benefit

by such a process.

The objectives of the experimental work conducted by the author

were as follows :

(i) To study the mechanism of the cathodic depolarization .
phenomenon exhibited by Desulfovibrio species. - .In
particular, it is. proposed to demonstrate whether or not

sulphate reduction catalysed by these organisms is the
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cause of observed depolarization phenomena.

(i1) To investigate the mechanism of corrosion of ferrous

metals by the organisms.
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CHAPTER STIX

THE ORGANISMS STUDIED : THEIR ENRICHMENT-; ISOLATION, AND

MAINTENANCE CULTURING

Pure cultures of Desulfovihrio species were required for the
electrochemical experimental work, and these were isolated from
a number of sources. Inocula were subjected to enrichment
culturing, purification, and contaminant-testing prior to

identification and the growth of experimental cultures.

Enrichment culture

'Soil—, mud-, or corrosion—product saﬁples were inoculated into
the medium of Baars®®,(see appendix té Chapter 6) supplemented with
0,1% (W/V) of yeast extract, with Na S added to a concentration of
0,5 m M for péising of the redo# potential. Where marine inocula
were used, 2,57 (W/V) NacCl wés added to this aﬁd to all subsequent
media used before sterilizing. 30 ecm® screw-capped bottles were
used for enrichment culturing. Bottles were filled to the brim
with sterile medium to displace all air after inoculation of the
25cm’® of medium previousl§ added, sealéd, and incubated at 30°cC.
For reference purposes, pure cultures for Desulfovi krio vulgaris
(Postgate and Campbell) Qere raised from freeze—dried material
obtained in ampoules from the National Collection of Industrial
Bacteria, Torrey, Aberdeen (réference number of_culture used :

NCIB 8303). . In this case, the contents of ampoules were
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.incubated ﬁnder hydrogen in Baars' médium, in McIntosh and Fildes!
anaerobic jars. When blackeﬁing of the medium, caused by the
precipitation of FeS, indicated that sulphate reducﬁion was occurriﬁg'
cultures were examined microscopically. The time required for
blackening varied from 2 or 3 days for mud samples to 12 days for
freeze-dried material. When staining and microscopy indicated a
prepondefance of gram-negative vibrioid organisms, the purification

procedures were followed.

6.2 Purification procedures

Three purification procedures were essayed and the last of

these found to be the best.

6.2.1 The "Stab tube" method of Postgaie

The ﬁedium (see appendix to Ghépter 6) and isolation method of

138  yas used. The sterile, molten medium was dispensed

Pbstgate
into 150 x 10 mm soda glass tubes with spring-locking aluminium
sterile caps. = The medium was maintained in molten condition by
immersion of the tubes in a water bath at 40°C. Inoculation pf.
these isolation tubes was by dipping a closed, flamed Pésteur
pipette into the enrichment culture to be purified and then success-
ively into each of six tubes of isolation medium, The isolation
tubes were thenvincubated'at 30%C until‘the'appearance of black

colonies suitable for isolation. Figure 32 shows a series of tubes

containing successive dilutions with colonies of this type. Tubes
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were broken open aseptically at the point of coloﬁy.growth, and
colonies femoﬁéd with sterile faéteur pipettes for inoculation into
fresh, sterile Baars"medium. The resultant cultures were subjected
to purity checking as in Section 6.3. This purification method was
successful in a few cases, but too often insufficient colony-isolation.

was achieved, and consequently alternative methods were attempted.

6.2.2  The agar plate method _of Iverson

I'verson‘3.<9 had reported successful growth of colonies of
Desulfovibrio species on the surface of media contaiﬁing Trypticase
Soy Agar (TsA). It was considered_possible ﬁhat serial.dilutiong
of enrichment cultures iﬁ Iverson's TSA + lactate medium (appendix
to Chapter 6) poured as plates in Petri dishes might provide suitable
colonies‘for.isolation ¢ dilutions of cult‘.ures.v(IO"1 to IQ'altimeé)
were made in TSA + lactate medium, plates poured, and incubated under
hydrogen in McIntosh and Fildes' anaerobic jars. Well-isolated
colonies were produced, but growth of the organisms on transference
to liquid medium seldom occurred, probably because of over-much

exposure of the colonies to atmospheric oxygen during manipulation.

6.2.3 The dilution method of Sisler and Zobell

Ultimately, a modification of the method used by Sisler and
Zobell'*® was the most successful. The method used can best be

described by reference to Figure 33,
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The isolation medium of Postgate!?®

was prepared and dispensed

in 4,5 cm® quantities info each of 4 of 20 cm’ sterile test tubes
fitted with.aluminium caps. The medium was maintained in the molten
state by storage of the tubes in a water bath at 45°C. The medium

of MacPherson and Millef35’, supplemented with 0,1%(W/V) §f yeast
extract and-tfeated.with FeS0, to 25”u§'and Na,S to 0,5 m M (appendix
to Chapter 6) Qas dispensed in 0,9 em® quantities into each of 4

sterile 5 cm’ screw-capped bottles. The isolation procedure was then

conducted as in Figure 33.

A 0,1 cm® quantity of enrichment culture waé transferred to the
first of the four tubes contéiningiliqqid mediumA(Sfage i), giving
avdilution factor of 10'3}' The ope:ation was completed for each
successive tube, giving serial dilutions of ld" to 1074, A 0,5 cm’
quantity of each of these dilutions was transferred to the agar-
containing medium in the tubes in the water bath, and the.resulting
dilution mixed well by rolling the tubes betweén the palms (Stage II).
By this means, dilﬁtions of 10"? to 10~° were produced. Finally,
the contents of each of these tubes were drawn up into a sterile glass
tube of 2 mm diameter and 600 mm in length (Stage III). The ends of
‘the tubes were sealed with sterile molten paraffin wéx and the tubes
incubated at 30°C. Well-isolated black coionies were usuaily
produced in the IO'f'and 10"% dilutions (see Figuré.34). Tubes were
broken open aseptically at the points at which colonies were observed
and colonies transferred into freshly prepared sterile Baars' medium

with sterile Pasteur pipettes. The Baars' medium was contained in
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aluminium-capped 20 cm® test tubes in this case, and incubation was

at 30°C under hydrogen in McIntosh and Fildes' anaerobic jars.

6.3 Criteria of purity

6.3.1 Contaminant ~tes ting

Contaminant-testing was carried out for both aerobic and

138
L]

anaerobic contaminants, using the procedures of Postgate These

are described in the appendix to this chapter.

6.3.2 Microscopy

Cultures were examined microscopically for purity. After initial
isolation from enrichment cultures as above, stock cultures were

examined as follows.

(a) Droplets of culture were examined for vibrioid motion
and the presence of contaminants apparent while cells

were motile.
(b) Gram-staining was performed.

(c) Specimens were prepared for electron microscopy.
Figures 35 - 37 show some of the results of this

examination.
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6.3.3 Periodie checks for purity

6.4

Culturesbwere checked for purity microscopically by methods (a)
and (b) whenever a batch of inoculations for electrochemical experi-
ments were performed. Great difficulty was not experienced in
maintaining cultural purity. When contaminants were obéerved,
cultures were re-purified. This was required on one occasion for
each of three of the stock cultures used over a period of three
years (four cultures, each from different inocula were maint;iﬁed as

stocks).

Taxonomic criteria

For the purpose of the present experimental investigation, it
was considered necessary to identify cultures only as far as the

genus. The accepted taxonomic criteria for the genus Desulfovi krio

54
.

are clearly stated by Postgate and Campbell®® All organisms

used in the experimental work were assigned to the genus Desulfovi krio

on the following grounds :

(a) Anaerobic growth in media containing lactate and sulphate
took place, with concomitant reduction of sulphate to

suiphide.

v(b) Polar fiégellation was observed in all cases.

(¢) Desulfoviridin was present in all cases, as evidenced by

positive fluorescence tests, using the method of Postgate'?
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(see appendix to this chapter).

(d) Hydrogenése eniyme was present in all cases, as evidenced
by benzyl viologen reduction under a hydrogen atmosphere

in Thunberg tubes.

. 6.5 The organisms used in the experimental work and their sources

Each enrichment culture was accorded a name indicating its
origin, befére.positive identification as a species of Desulfovi brio.
All cultures used were shown to be species of Desulfovibrio but
differed slightly in morphology and hydrogenase activity. The
source names were used throughout the-experimentél work to distihguish
between the cultures. | |

These were as follows :

6.5.1 "Black River" (abbreviated:BR).

This was isolated from an enrichment culture prepared from an

inoculum of bottom mud from the Black River in Mowbray, Cape.
6.5.2 " Durban" (abbreviated:DB)

The corrosion product of a water pipe beneath a hospital in

Durban was the inoculum in this case.

6.5.3 " Hildenborough' (abbreviated: HIL)

This was raised from freeze-dried material acquired from the

National Collection of Industrial Bacteria, Torrey, Aberdeen, and
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has been’positively_identified as Desulfovt lrio vulgaris (Postgate
and Campbell) (NCIB 8303). The source name "Hildenborough" has been
used frequently in the literature describing experiments with this

organism.

6.5.4 "Walvis Bay" (abbreviated :WVB)

This was isolated from an enrichment, in Baars' medium, of an
inoculum of inter-tidal mud from Walvis Bay, South West Africa. The
culture was maintained throughout the work in media supplemented with

2,5%2 (W/V) sodium chloride.

6.6 Maintenance culture and the growth of experimental cultures

Liquid media were considered most suitable for electrochemical
experimental work. Baars' medium, which contains a precipitate was
suitable for enrichment and for initiatihg growth after isolation of
colonies during purification prbcedures. When this had been
achieved, the organisms were sub-cultured into. the medium of
MacPherson and Miller'?®, supplemented with 0,1% (W/V) of yeast extract.
Immediately, prior to inoculation, sterile FeSO£7H20 solution was
added to give a concentration of Zstﬁg_ahd sterile Nazs.éﬂzo solution

‘to a concentration of 0,5 mM.

Using this medium it was found possible to grow all of the cultures
to any volume required in screw-capped bottles with rubber seals

provided that all air was displaced by filling bottles to the brim
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with medium. Figure 38 shows the incubator used, and a variety
of the cultures. Stocks were maintained in 30 em’® screw-capped

bottles, sub-culturing weekly into fresh medium.
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CHAPTER SEVEN

ELECTROCHEMICAL METHODS

Electronic equipment

The theoretical background to potentiostatic studies is

described in detail in chapter 2. . Electronic methods of achieving

. potentiostatic control are well-documented and do not require detailed

discussion here. The basic layout of a potentiostatic circuit,
including the electrochemical cell is given in Figure 39. Three
different electronic instruments were used at various stages of this

work to achieve potentiostatic control. These were :

(a) A Wenking 61 TR potentiostat

(b) A Tacussel model PRT 160 pOtentiostat

(c) An operational amplifier-controiled'system
constructed for the purpose, the electrical

circuit for which is given in Figure 40.

The characteristics of these instruments are giveﬁ in the appendix
to this chapter. 1In some cases during this work, automatic variation

of the reference voltage (and thus the controlled voltage) was achieved,

"by means of motor-driven potentiometers and in others manual operation

was used. The method employed and the scanning speeds will be

described where necessary. Where other electronic equipment was used,
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the relevant data will be given where required.

The polarization cell and electrodes used

The polarization cell assembly used throughout this work is

~ depicted in Figure 41. The cell was basically a 5-necked flask,

water jacketed for temperature control, with an outlet tube at the

bottom.
platinum

the flask

(1)

(ii)

(iii)

The auxiliary electrode was a circumferential loop of
wire attached to the inside of the cell. . The necks of

contained the following :

A cylindrical mild steel working electrode assembly,

the details of which are described in section 7.3.

A reference electrode probe consiéting of a Luggin
capillary bridge bf bore size, O,Zﬁm at the tip, and set
at a distance of 0,5mm from the working electrode surfaée.
This was filled Qith a 3% (W/V) agar gel, 0,02 M in NaCl.
The reference electrode used throughout was a saturated

KCl=calomel -electrode (sce).

A gas-purging device consisting of 2 céncentric tubes,

the inner one of 2mm bore, the outer slightly larger,
independently connected to the purgiﬁg gas supply by means
of a tap such that the purging gas could be passed

tﬁrough either inner or outer tube. The innér tube pro-
jected below the surface of the electrolyte during

operation : the outer one ending approximately 2cm above
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the surface, being used for head-space purging.

(iv) A pH electrode assembly consisting of a Jena type
micro—electrode inserted through a PTFE seal in a B

"Quickfit" cone assembly.

(v) The fifth neck, of diameter 4mm, was usually left free
to allow gas outlet during purging. It was also used
to add reagents to the electrolyte By means of micro-
or Pasteur pipettes, and to withdraw samples of solutions

for analysis where required.

7.3 The working electrode assembly

Considerable attention was devoted towards developing a
working electrode assembly which would be reproducible and would
giye quantitatively meaningful results. Basically the electrode
Qas a compression—gasket assembly similar to that of Stern and
Makrides‘f?. The gasket was of PTFE, and compression was achieved

by torque on the nut at the toﬁ of the glass holder. (see Figure 42).

The mild steel specimen was a cylinder of diameter approximately
8mm énd length 15mm, of EN 3A mild steel of nominal composition :
Cc 0,15 - 0,25%; Si 0,05 - 0,33%; Mn 0,40 - 0,90%Z; P 0,060% max;
S 0,0607 max; balance Fe. Stages in the preparation of this

assembly before each experimental run were as follows :
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7.3.5
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The cylinder, which was threaded internally, was mounted on
a threaded chuck and rotated on the shaft of an electric
motor., Wet grinding with successively finer grades of

metallurgical grinding papers to grade 600, was then performed.

After this grinding the steel cylinder was rinsed in distilled
water, dried in acetone with an airblast, and mounted in the

compression gasket holder.

The electrode was then electropolished in a 5% perchloric aﬁid
in glacial acetic acid solution. This operation was performed,
using a spiral of platinium wire as counter—electrode, in a
beéker with a cooling-water jacketf .During polishing, ;he
solution was agitated vigorously using é PTFE~coated magnetic
stirrer. If was found that 1,0 to 1,5 A at 60V for 10.- 15

seconds gave a suitable smooth specular surface.

The poiished electrode was again rinsed in distiiled water and
dried using A.R. acetone. A coating of nitrocellulose lacquer
was then applied as in Figure 43,>using a strippable polythene
fdil for masking, such that the exposed electrode surface area
was a band of width 5mm. The diametér of the electrode was

checked with vernier callipers after each experimept to enable

accurate calculation of electrode surface area.

Immediately before use, the electrode was lightly etched in
1,0 M HCI for 5 séconds, rinsed well with distilled water, and

inserted into the experimental electrolyte. It was found that
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. this method of preparation gave a specular, lightly-etched

surface, a photomicrograph of which is given‘in Figure 43(a).

7.4 Calibration of the polarization system using hydrogen ion

diffusion currents

Since the polarization work to be performed during this

investigation was to be done in eleétrolytes of unknown electo-

chemical nature, it was decided to test the experimental methods

using a known electrochemical polarization system. The hydrogen

ion/hydrogen gas system was chosen, as this has been extensively

studied by Stern

33 34
.

7.4.1 The procedure

(1)

' controlled'bath, to maintain the temperature at 25 %

(iii)

The pH-electrode was calibrated against standard 7,00 pH

‘buffer and the experimental cell assembled. Water was

circulated through the jacket from a thermostatically

+

0,2°¢C.

100 em® of a 0,02 M solution of sodium chloride was

introduced into the cell, and vigorous gas-purging of
the electrolyte with high-purity ("white-spot") nitrogen

commenced.

During nitrogen-purging, the pH of the electrolyte was

adjusted to the required value by means of dropwise’
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(iv)

(v}

(1)

(ii)
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additions of dilute HCI or NaOH solutions.

Gaé—purging was continued for a period of 2 hours, during
which time the working electrode was %usPended above,the
electrolyte surface. After this period the electrode
was immersed and purging continued for a further 10
minutes, after which the tap on the gas—-purging assembly
was adjusted to permit nitrogen to pass through the head-

space of the cell without agitating the electrolyte.

The working electrode was allowed to reach a steady
potential, and cathodic polarization commenced at a rate

of 500 mV per hour.

Results

The results compare well with those obtained by Stern®?® in
similar studies using pure iron electrodes in a 47 W/V NaCl

electrolyte. The following points are notable :

At -values close to the corrosion potential, large current
changes accompanied small shifts in potential (Figure 44).
These currents represent cathodic charge transfer

accompanying the reaction

28,00 + 28 ——> H, + 2H0 7.1

At current densities dependent upon pH, the curves adopt

a slope parallel to the potential (vertical) axis,
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repreéentative of a diffusion limitation on the rate of

7.1. - In these zones, the rates of 7.1 are dependent upon

the rates of diffusion of H30+ ions f#om the bulk of the

solution to the electrode/electolyte interface. Using‘

the expression derived from Fick's First Law by Stern®?

(This expression is similar to 2.64 described previously).
nFD

i, = T (07%)  a(0") 7.2

(where ¢ = limiting diffusion current in amp / cn’,

d1

n = the number of electrons taking part in the reaction,

F

the Faraday constant, § = the thickness of the diffusion

'layer (cm), a(H30+)=the activity of H30+ ions in mol/litre
and D = the diffusion coefficient for H3O in cm¥sec). With
D =7,39 (10°°) cm’/sec, and § = 0;05 cm, (avvalue commonly

assumed for §) idl becomes

i, = 0,143 a(H0%) ‘ 7.3

or
log i, = 0,845 - pH 7.4
o

Plots of log ¢, versus pH (Figure 45) show that a linear

1
relationship was closely followed over the range of pH

studied. The slope of the experimental plot is given by

log ¢, = 1,15 - pH 7.5
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The constant (-1,15) was somewhat greater than that
obtained by Stern'*™ for pure iron, but agreement was
considered sufficiently good to give validity to
quantitative interpretations of subsequent cathodic

studies.

(iii) At current density values greater than idl the curves
followed Tafel dependence, tﬁe slope being -0,178 log <,
agreeing well with the value of -0,174 log 7, obtained by'
Stern®® for pure iron. This latter, 1ineat portion of
the curves correspbnds to the activation-controlled

reduction of water according to

2H0 + 2e ——> H, + 20H 7.6
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CHAPTER EIGHT

CATHODIC POLARIZATION STUDIES IN CULTURES OF SRB:

DEMONSTRATION OF CATHODIC DEPOLARIZATION ACTIVITY, AND PRELIMINARY

OBSERVATIONS REGARDING THE ACTIVE SPECIES

The first requirement of the experimental studyvbf cultures was
to reproduce the cathodic depolarizgtion effects demonstrated by
Booth and Tiller’®*75'7¢. and by Horvith and Solti’®. The experi-
mental technique used in these early experiments required that the
cultures under study be grown in the experimental polar;zatidn vessel
in continuous contact with the mild steel electrodes, and require-
ments of sterility-maintenance prevented the preparation of a fresh
electrode at the time of each polarization experimént. It was

decided not to employ this technique for two reasons.

i) The experimental electrode would corrode and thus its

surface area would change.

ii) Preliminary experiments showed that films of iron
sulphide developed on the metal surface, and the
presence.of thése films introduced additional depola;iéation
effects to those demonstrated by the cultures alonel

(See section 4,2),
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Accordingly, cultures were grown separately in screw-capped bottles

and added to the polarization cell immediately before polarization
experiments were performed. It was considered that-the timevre-
quired to perform an experiment (a maximum of three hours after
opening thg culture bottle) precluded the_possibility of aﬁy con-
taminant organism arising from accidental exposure to the air or
lack of sterility of the polarization cell, being responsible for

observed effects.

8.1 Demonstration of cathodic depolarizing activity in experimental

cultures

Experimental cultures were grown for.this purpose in 1,3 dm’
screw—capped bottles in the medium of MacPherson and Miller98
(appendix to chapter 6). The medium was sterilized in the bottles
by autoclaving leaving a 100 cm’® head-space. Before inoculation,
the necessary pH and redox potential adjustments were made. A
30 cm® inoeulum of actiVe_culture_was added, and the bottle filled
to the brim with sterile medium. The stopper was tightened and
the culture incubated at 30°C. When cultures became turbid and’
microscopic examination showed the presence of large numbers of
active, mbtile organisms, the polarization experiments were

performed as follows :

8.1.1 Experimental method

(i) The polarization cell was assembled and water at a
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temperature of 30- 0,2°C, from a thermostatically controlled

bath circulated through the water jacket.

A brisk stream of high-purity nitrogen was passed through
the cell, at present empty of electrolyte, for a period of

twenty minutes.

The culture was added against this stream of nitrogen, and
when sufficient had been added to allow a polarization plot
to be recorded (approximately 100 cn?),‘the’nitrogen purging
dévice was adjusted to the head-space purging position.

It was found that passing the purging gas through the active
éultures for excessivély long periods (five minutes or more)
caused a rise in pH, from values of approximately 6, to |
alkaline pH values of 9 or more, and any results obtained
with the cultures in this condition would not necessarily

be representative of the behaviour of undisturbed cultures.

It was thus decided to limit the period of exposure to

purging gases to the shortest possible. The redox potential

values of the active cultures (see section 8.3) precluded
the possibility of dissolved oxygen being responsible for

any observed electrochemical effects.

The mild steel working electrode was prepared as in section

7.3 and lowered into position in the culture.

When the potential of the working electrode became steady

(an interval of 10 - 15 minutes was required), cathodic
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polarization was commenced at a rate of 500 mV per hour.

(vi) The polarization runs were repeated on sterile growth
medium with pH adjusted to the value at which cultufes had
been inoculated (7,2). It was found that the set pH
remained constant during purging with nitrogen, and sterile
media were purged for one hour before performing

polarization rums.

Results

The results of polarization experiments performed in cultures
"Black River"; "Durban", "Hildeﬁbdrough“ and "Walvis Bay",.(these
names will be abbreviated in future references, t6 BR, DB, HIL; aﬁd
WVB, respectiQely) are reflected in Figure 46. It is evident that
the cultures bf the four organisms examined exhibit the phenomendn

described as '"cathodic depolarization' by Bdoth and Tiller?!:75 76,

Retention of depolarizing activity in cell-free centrifugates

Cell-free centrifugates of the cultures were examined for
cathodic depolarizing activity. Active cultures were centrifuged
at.5 x 10 g for 10 minutes, and the polarization experimenfs per-
formed using the clear, cell-free centrifugates. The results are
given in Figure 47. Clearly a large proportion of the depolarizing

activity of cultures was retained in cell-free centrifugates.
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This observation was clearly of some importance since Booth and
Tiller®®, as a result of their experiments with redox dyes, had
concluded that for SRB to cause depolarization, physical contact of

bacterial cells with the electrode surface was necessary.

The refention of depolarizing activity in cell-free centrifugates
was characteristic of all cathodically active cultures used during
this investigation, and indicated that whatever the nature of the
depolarizing spegies (an enzyme or simpler organic or inorgahic
substance ) it is soluble, and is produced by the organisms during
growth. The simplest species in.solution likely to bring about
cathodic depolarization are dissqlved oxygen and hydrogen ion.

The possibility of contributions from these two causes to ﬁhe

observed results will now be examined.

8.3 The influence of hydrogen ion and dissolved oxygen on cathodic

polarization curves.

8.3.1 Hydrogen ion

The influence of hydrogen ion on cathodic polarization curves
has been described in the preliminary experimental work of secfion
7.4, However, since the growth me&ium represents a morelcomplex
electrolyte than that used in this préliminary work, further

experiments were performed.
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Cultures of the organisms HIL and BR were prepared by inoculating
0,5 cm® of active culture into each of 10 of 60 cm® screw4capped
bottles coﬁtaining sterile growth medium, with the appropriate pH and
redox-potential adjus;ments, and incubated at 30°%c. At intervals,
individual bottles were removed from the incubator and pH values of

the cultures determined. . The results are reflected in Figure 48.

The lowest pH value of an SRB culture recorded in this, or any other
experiment, was 6,10. Irrespective of the age of the culture ( up
to 35 days), pH values never dropped below this levelf Figure 49
illustrates the influence of pH on the cathodic polarizatioq
characterisﬁics of mild steei in &e—aerated growth médium. 'Thgse
experiments were performed using the gréwth medium with pH.adjusted
by additions_of conc HCl, A.R. A polarization curve recofded in a
cathodically-active culture of organism HIL, 8 day; old, and having
a pH of 6,35 is superimposed. The following may be concluded from

these results

i) Sterile media of greater hydrogen ion content than the active
cultures showed a depolarizing effect at cathodic potentials
close to the corroding potential, but this influence is
limited to considerably less than that of active cultures, at
more extreme potentials, by the rate of hydrogen iop diffusion

to the electrode (see section 7.4).

ii) The culture of pH 6,35 had a considerably greater depolarizing

effect at extreme cathodic potentials than did sterile medium
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at pH 4,20,

iii) Evidently the cathodic depolarizing influence of the
culture was not attributable to its hydrogen ion concen-.
tration. Some other cathodically active species is

present.

Dissolved oxygen

Cathodic polarization of mild steel in oxygen-containing

solutions would be expected to yield the following type of curve :

i)

ii)

At potentials close to the corrosion potential, a rabid rise
in current would be expected until, at a current approximately
equal to the cérroSion current, the rate of diffusion of
oxygen to the electrode surface becomes rate-limiting on the

overall cathodic charge-transfer rate.

This limiting diffusion current would be ekpected to remain
constant with further cathodic shifts in potential, until the
activation-controlled water-reduction rate_becomes significant,
as it does at extreme cathodic voltages in the experiments
performed in acid solution, described in section 7.4.

The anticipated magnitude of the diffusion current for

0, + 2HO0 + 4e — 4OH

may be calculated from an expression derived from Fick's first

Law, similar to 2.64
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‘a(oz)

zd[ = n FD02 § . _ 8.1.

For the purposes of this ca}cﬁlation, the value of DLz was
calculated using the expressiqn of Wilke and Chang143.
Values thus obtained were 2,02 x 10-‘5 cuf S_1 at 30°C.

(The value quoted in International Critical Tables' ** for
a measured value at 18 C is 1,8 x 10'-s éuﬁ S_l). A value
of 2,24 x 10-7(mol cm-a) for a(oz)_was calculated using the
method given by Uhligl45. Substituting these values
together withn = 4, F = 96 500 As mol—l, and 6 = 0,05 cm

. . . 146 , .
for an unstirred solution in expression 8.1.

id[ = 45,7 pA cmff
'The value of this diffuéion current would probably 5e
modified, in the case of the baéterial growéh medium,'by a
diminished oxygen activity (the value‘used above is that for
distilled water in equilibriuﬁ with air at 25°C), and by the

presence of other air-oxidizable, cathodically-active sub-

stances in the medium.

Sterile*culture medium was placed in the poiarization éell,
its'pH adjusted to 7,2 and saturated with a stream of air
through the gas-purging device from a small electrical
diaphragm—type pump for a period of 3 hours. At the end
of this time the air stream was turned off and 5 polar-
Ization experiment performed on the quiescent solution,
using a freshly-prepared mild steel working electrode.

Theredfter, a fresh sample of the medium of the same pH
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Was'purged of oxygen by passing a stream of high-purity
nitrogen through it for a period of one hour after which the
tap of the gas purging assembly was turned to the head-space
purging position, and a furthef polarization plot was per-
formea. The results are re?orded in Figure 50. Tﬁe
éolarization curve for an active HIL culture is superimposed.
-It is evident that, while dissolved oxygen does cause a
detectable amount of cathodic depolarization, the effect is
ébnsiderably smaller in magnitude than that observed in

active cultures.

The magnitude of the apparent oxygen diffusion current
(Figure 51) obtained from the log < versus E plot is
approxiﬁately 50 ﬂA em 2. This is somewhat greater than
the calculated value of 34, the discrepancy probably being
caused b& the presence of air-oxidizable cathodically active

substances in the medium.

It was mentioned earlier (8.1.1. (iii)) that redox potentials
recorded in active cultures précluded the possibility that
dissolved oxygen was responsible for any observed depolar-
ization effects. Redox potentials of active'cultufes

were measured Zn s8itu in the polarization cell using a
bright platinum wire electrode. The elecﬁrode was cleaned
in hot alcoholic KOH solution, rinsed with distiiled water
and dried with A.R. acetone befdre insertion into the
polarization cell in the place of the working electrode.

The potential was then measured against the satd.KCl—

calomel/agar bridge reference electrode system. Results

are recorded in Table 9.
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The redo# potentials measured, while not as strongly
reducing as those found by some authors, nevertheless serve
to indicate that the cultures were within the range usually
known as "anaerobic". Baas Becking, Kaplan and Moore*®
report that SRB are active within pH limits of 4,15 and
9,92 and over a redox potential (Eh) range of +0,115 V

to -0,450 V., The values in the last column of the above
table, indicate the extremelj low oxygen activities
(calculated from the Nernst relationship for the oxygen

reduction equilibrium) of the active cultures.

8.4 Conclusions drawn from preliminary experiments

The results reported thus far have afforded the following

information

i)  The pure cultures of the orgahisms under study gave
cathodic depolarization effects similar to those reported

by Horvath and Solti’®, and by Booth and Tiller?!*75.7¢,

ii) The cathodic depolarizing activity is largely retained
in cell-free centrifugates of active cultures and thus is
1iké1y to be caused by some soluble species prbduced

during growth of the cultures.

iii) It was shown to be impossible that these depolarization
effects were attributable to either dissolved oxygen or

hydrogen ion.
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CHAPTER NINE

THE CATHODICALLY~-ACTIVE SPECIES

Further investigations of cathodic depolarization phenomena,
at the stage reached at the end of the previous chapter, could have

taken two possible courses & -

(i) An accurate electrochemical description of the depolar-
ization phenomenon could have been obtained from further
‘experimental work, and an attempt made to characterize

the active species from its electrochemical properties.

(ii) ' The depolarization phenomenon could have been used as an
assay of cathodic activity, and attempts made to isolate,

purify and characterize chemically the active species.

All experimental studies of the depolarization phenomenon,

particularly those of Booth and Tiller’!:75 76 %%  7Tyerson®® and

Mara and Williaméf’ f‘; were considered to lend ‘support to the
hypothesis of von Wolzogen Kuhr and van der Vlugtéf, namely that
cathodic depolarization waé caused by an enzyme (hydrogenase) which
removed adsorbed atomic hydrogen thought to be responsible for the

sluggishness of the cathodic charge-transfer‘reaction (although the
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arguments of chapter 5 have indicated that this is not so), and
caused the reduction of substrates in the electrolyte, the overall
effect being an increase in the cathodic charge-transfer rate and,

ultimately, the corrosion rate.

It was decided to follow course (i) above asvfar as allowed
by the experimental technique employed in this investigation, and
subsequently to follow course (ii) assuming for the time being,

that an enzyme was responsible for the observed activity.

9.1 The electrocheémical characteristics of the depolarizing species

It was decided to study the onset of cathodic depolarization
and its development with age of experimental culture. The culture
HIL was used in most of this work, since this material had been
used extenéivelylby Booth and Tiller in electrochemical studies of

,- and its behaviour appeared

the depolarization phenomenon’! %¢

representative of that of the other organisms.

9.1.1. ~ Experiments with eulture HIL

Samples of culture of different ages were required. To ensure
homogeneity of the cultures studied and.minimize possible errors
arising from differences in inoculum size and activity, a lgtgé
volume of sterile medium was inoculated, dispensed intd a number
of sterile bottles,vand the bottles incubatéd for‘varying lengths

of time before examination. Cultures were prepared as follows :
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(ii)

(iv)

v)
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A 30 e’ culture was used as inoculum for 1,3 dm’ of
sterile medium prepared, as before, with appropriate pH
and redox potential adjustments. The inoculated medium

was mixed well by inverting the screw-capped 1,3 dm’

-container a large number of times.

The inoculated medium was then dispensed into sterile

60 cm’ capacity screw-capped bottles, filling

them to the brim and tightening the screw—cap. This
operation was conducted in a sterile cabinet using the

method depicted in Figure 52,

The bottles were placed in an incubator at 30°C, and
single cultures removed for examination at intervals

of time.

When removed for examination, cultures were added to the
polarizaﬁion cell as in seétién 8.1. Their pH values
were determined using the pH'micro—elgctrode assembly in
tﬁe céll. Smail samples (5 cuf)vwere removed from the

cell with Pasteur pipettes for detarmination of the

relative optical density of the culture. This

determination was performed in an EEL absorptiometer

colorimeter using un-inoculated medium as a blank.

The mild steel working electrode was prepared and inserted
into the cell, and cathodic polarization experiments

performed. The potential was set accurately at the
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potential value of zero applied currenﬁ (the corrosion
potential) and cathodic polarization commenced. Axtrue
potentiostatic method was used here, increments in
potential being set manually and the current allowed to
reach a constant value before adjusting the potential

further.

The results are presented in Figures 53 to 55. Figure 53
indicates that the corrosion potential tends to shift in a positive
direction with age of the ctlture, vThis is accompanied by a shift
in prto more acidic values. During this fime the relative optical
density of the cultures rose to the upper limit of 1,5. The shift
of ¢orrosion potential in the positive direction may be interpretable
in terms of mixed-potential theory; as being‘caused_by anodic
inhibition oricathodié depolarization. Th;t cathodic &epolarization
is responsible for these shifts is demonstrated by the polarization
results of Figure 54; in which thg cathodic depolarization phenomenon
is clearly visible. The results of the polarization experiments are
given as plots of log current density versus potential in Figure 55.
These curves indicate two diffefent potential regimes within which

cathodic depolarization takes place :

(i) At cathodic values close to the corrosion potential, the
fifst depolarization effecf is observed. This is mani-
fested by positive shifts in the cor;osion potential
itself, and by increasing magnitude, with age of culture,

of the depolarization effect. The behaviour in this
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regime is indicative of the appearance of a depolarizing
species whose effect on the cathodic reaction rate is
limited by the rate of diffusion of the species to the

.electrode.

(ii) At greater céthodic pétentials €730 to-1100 mV versus she)
another depolarization effect becémes operative. This is
the effect mainly responsible for the.dépolarization
observed in chapter 8, and probably, in the early experi-
ments of Booth‘and Tiller™® 75.7¢ . This effect also
appears to be subject to a concentration polarization

limitation at extreme cathodic potentials.

It was observed that at cathodic ‘potential settings at which
effect (ii)began to be QbserVéd; the current-time behaviour altered
from a decrease with time to a constan£ value at.a po;entiostatically
fixed potential at the end of regime (i); to an increase with time
to a constant value at the beginning of regime (ii). . At the higher
current densities; depolarization was accompanied by a visibly much-

increased rate of gas evolution from the electrode surface.

~

9.1.2 ‘Other Cultures

Similar experiments performed with the other experimental
cultures (BR, DB, and WVB) demonstrated the same effects @ two
depolarization regimes became apparent as cultures became more

active, and this was accompanied by a decrease in pH, and a much-
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increased rate of gas evolution at extreme cathodic potentials.

Typical results are given in Figures 56 - 58.

The identity of the depolarizing species.

If cathodic depolarization were attributable to enzyme-
catalysed reduction of sulphate by cathodic charge, this would not
be likely to lead to increased rates of gas evolution at the
voltages at which this effect occurs. The major dep§1arization
effects caused by ;he SRB cultures studied occurred within the
potential range of the hydogen evolution reaction and were accompa-
nied by increased rates of gas evoiution from the polarized
electrodes. This indicated that stimulation of the hydrogen
Ievolution reaction is caused by active cultures. This stimulation

could occur in two possible ways

(i) Catalysis of the electrochemical reduction of hydrogen
ion or water by some chemical species produced by the

organisms.

(ii) The electrochemical reduction of some hydrogen-containing
species other than water or hydrogen ion (produced by

the organisms) to produce hydrogen gas.
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‘Theoretical considerations concerring the possibility of

enzyme. -

It was indicated in section 5.3 that hydrogenase enzyme could
catalyse reactions between molecular hydrogen and reducible Substrafes.
Mention was made of the demonstration by Green and Stickland!®! of the
equivalence in the effect 6f hydrogenase and colloidal pélladiﬁm in
catalyzing hydrogen evolution from reduced substrates. It was

indicated that, for hydrogen adsorbed on an electrode,

L _ . o
2 ... T H, _ , ) 5.12
may possibly be catalysed by the enzyme, but according to the
argument of chapter 5, this effect would be unlikely to affect the
overall cathodic charge transfer rate dﬁiirdn, as the rate-
determining step in the h.e.r. on iron at near-neutral pH is the

water electronation step.

W mo s e s, + on 550
There is, however, an alternative mechanism which may make it

possible for a substance produced by the bacteria (an enzyme) to
catalyse the h&drogen evolution reaction at an iron surface; This

is the type of mechanism exhibited by the group of soluble substances
responsible for the "catalytic hydrogeq waves' observed in polarography
most commonly, at the dropping mercury electrode. Delahay has

described the principle in genefal electrochemical terms’4§’
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and the subject has been reviewed in detail by Kolthoff and Lingane'®’

148

Heyrovsky'*®, and Mairanovskiil*?®. The phenomenon appears to have

been explored in very few areas of electrochemistry other than in

polarography at the dropping mercury electrode.

Delahay'*® has described the term catalytic current as being
"applicable to all types of currents in which the product being
consumed in the electrochemical reaction is partially regenerated

by some chemical process involving a product of the electrochemical

reaction". He gives the scheme
0 + ne > R 9.1
R + Z > 0 9.2

the net reaction being the reduction of Z cataiysed by O,

Catalytic hydrogen evolution was first obsérved in the presence of
proteins at a dropping mercury electrode. It is now recognisedlf7
that several classes of organic compounds, particularly thiols and
amines, can behave as hydrogen evolution catalysts, and that the .

catalytic action is heightened by coordination of these compounds

with metal ions, particularly cobalt.

Using Delahay's scheme, the catalytic influence of a compound

containing a thiol group in neutral aqueous solution may be described

-149
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RSH + e  — RS + H, 9.3

RS + HO | ' RSH + OH 9.4

the net reaction being the electronation of water :

HO + e — .+ oH 9.5
Sulphur-containing amino acids exhibit this effect both as the
free acids, and‘aléo when present as part of a protein moleculé.
The effect is heightened in both cases by coordination of the thiol
grdup with metal ions, notably éobalt; The hydrogenase enzyme of
Desulfovibrio vulgaris (strain Hildenborough) has been shown by
Ackrell, Asato and Mbwer'f7'to exist in a number of differept forms,
solid or soluble. A soluble form; examined by Haschke and Campbell'?$
had six cysteine residues and one mole of ferrous iron per mole of
enzyme, The ultraviolet absorption spectrum indicated that the
iron was preseht in a nonheme<type configuration. Activation and
inhibition studies on hydrogenase enzyme preparations from Dv.
vngaris'f“’?f"?‘;-have‘shown that thiol groups and ironm are
necessary for activity of the enzymé. It was considered possible
that the enzyme could behave as a hydtogen—evolution catalyst of
the type described in reactions 9.3 - 9.5. If the_engyme wére
present in the cell-free centrifugates of cultures used in the
electrochemical studies, it may have been the species responsible
for the observed depolarization (accomﬁanied by increased hydrogén

evolution) effects. = Accordingly, attempts were made to isolate
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the enzyme from cell-free centrifugates of active cultures.

9.2.2. Dialysis experiments

750 cnﬁ.of cathodically-active cell-free céntrifugates of
cultures HIL,‘BR and DB were dialyzed for 12 h against each of four .
changes of distilled water in a 2,5 dm’ vessel. At the end of this
period, the dialysates were assayed for depolarizing activity by
bubbling them with nitrogen for 1 h, adjusting the pH to the
original value of the culture and perfqrming polafiza;ion plots as
before.  The result of such an experiment for BR is given in
Figure 59. . C(learly, depolarizing activity was lost during dialysis.

This loss of éctivity could be a consequence of the following :

(1) Diffusion of the active species through the dialysis

tubing may have occurred. The tubing used was 4,8 x 107

‘UM pore diameter cellulose tubing supplied by the Fisher
Scientific Co., which retains substances of molar mass

greater than 12 000..

(ii) 1Inactivation of the cathodically-active species byvthe
dialysis treatment, possibly by dissolved oxygen in the
dialysis water may have occurred. If this were the case,
and a cathodically active protein were present, it may have
been possible to re—activate it by treatment with hydrogen
gas and sulphydryl reagents such as cystéine.' This technique

116,118,121,124,150

had been successfully used before to
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re-activate hydrogenase preparations of Desulfovibrio inactivated

in this way. A dialyséte of an active HIL centrifugate was

treated with hydrogén and |cysteine as follows : ° the inactive
dialysate was bubbled for !l h with hydrogen, 0,02 M of cysteine
being added (the cysteine was added as L-cysteine hydrochloride,
supplied as "Laboratory Reagent" by Hopkins and Williams Ltd.,
Essex, England) and the pH adjusted to the original value of the
active centrifugate (7.2). The results (Figure 60) of polar-
ization experiments performed in this case showed a rise in cathodic
activity caused by thié treatment. The depolariéation effects‘were
accompanied by increased fatés of gas evolution from the.electrode
‘Surface. This rise in activity may havé been caused éither by the
re—activation of some oxygen—inaétivated species, or by cathodic
activity of the cysteine itself. This obsefvatién was tested by
treating the sterile culture medium with cysteine, with the result,
shown in Figure 61, that the cysteine itself was cathodically active

the gas evolution phenomenon being exhibited as before.

The results of these experiments performed on cathodically~active

centrifugates of SRB cultures had indicated the following :

(1) The cathodfc depolarization #henomenon was.accompanied
by increased rates of gas evolution from polarized
electrodes, and may have been a type of catalytic
hydrogen evolution in which,hydrogénase enzyme or some

other soluble product of bacterial growth acted as a catalyst.
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(ii) Dial&sis of the active centrifugates caused a léss of
cathodic activity.
| |
(iii) Cysteine addiéions to the dialfsates appeared to
stimulate cathodic activity, but it was found that the
cysteine added itself caused cathodic activity in the

absence of any product of bacterial growth.

Since cysteine is well-known as a hydrogen evolﬁtion'catalyst

149, it was decided to examine the possibility of it being the active
substance in the centrifugates. Being of low molar mass (121),
cysteine would have been removed from centrifugates by the dialysis

process.

9.2.3.  The possible role of cystéeiné in depolarization

A brief experimental investigation_waé conducted into the
hydrogen evolution catalysi$ phenomena exhibited by cysteine. The
phenomena are well-documented in work done with dropping mercury
electrodes, but virtually ne informatioh is a&ailable on possible
catalysis at other metal electrodes. At the dropping mercury
electrode, cobalt or nickel ions are required in the electroiyte
for the phenomenon to be demonstrated'f7"f9. It appears that the
catalytically active species is a coordination complex of organic
catalyst with metél ion. Toropova and Elizarova‘f“, have reported
that complexes of sulphur compounds with iron (as Fe++) also possess

catalytic activity. In the cathodically active cultures used in

147~
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the present investigation, only slight traces of cobalt and nickel
may be present as impurities at the levels present in analytical
reagent grade chemicals and in the small amounﬁ of yeast extract in
the media. Iron howevef, is added at‘25'¥L§_to the media. The
relative catalytic activities of complexes of iron,cobalt and

nickel were compared ét the dropping mercury electrode. A

Metrohm model E 261 '"Polarecord" was used in this investigation.
The electrolyte used was Brdickas"f7'buffer (appendix to chapter 9)
containing 0,002 gvconcentrations of the appropriate metal ion, and
cysteine at concentrations between 10~ and 10'3'§. Solutions were
purged of oxygen using high purity ("white spot') nitrogen before
addition of the cysteine. The results are recorded in Figures 62 ~
64. It is evident that; while the cobalt aﬁd nickel complexes

| (olive~green and pink in coloﬁr respectively) gave typigal catalytic
hydrogen waves; the iron complexes (purple in colour) éxhibited no

such effects. .

The influence of cysteine on the cathodic_polarization character-
istics of iron was nevertheless investigafed using the potentiostatic
techniques already described. In Brdickas' buffer solution cén-
taining 0,002 M Fe++ as used in the polarographic investigation,
cysteine, over a concentration range of lO'f'to lO'f“g_appeared to
behave as a cathodic inhibitar (Figure 65). In a 0,2 M NaCl
solution containing 25 TﬁghFe+*; cysteine exhibited depolarization
effects (Figure 66) but these were only significant at concentrations

greater than .10™? M.
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A search for cysteine in the cathodicallyfactivé centrifﬁgates
of culture used in this investigatién, using the thin layer
chromatography'techniquesJof‘Brenner, Niederwieser and Pataki'®!,
showed that free cySEeine (or any other sulphur-containing amino
acid) was not present at the levels detectable by the techniques

used (i.e. a concentration of lO’arylin the original solution or

centrifugate)'®?,

9.2.4. Inhibition edperiments

! The foregoing results had indicated that if was unlikely that
proteins or amino acids were responsible for cathodic depolarization
pheonema observed at mild steel electrodes in cultures of sulﬁhate—
reducing bacteria. It was still con;idered possible, however, that
some unstable hydrogen evolution catalyst may have been present

in the active cultures; and the possibility of an inorganic iron-
sulphide species complex (possibly with SH™) being responsible

for depolarization was next investigated. Baas Becking,:Kaplan

and Moore“f'had indicated that such a complex may be responsible

for the redox potential "poising" activity of iroen andlsulphide
additions. When media were prepared for inoéulation by additions

of ferrous iroﬁ,and sulphide, the medium acquired a pale greeh colour.
As cultures grew and became cathodically active, this colour inteﬁsi—
fied. On dialysis and‘inactivation of the depolarizing spéciés the
cell-freeAcentrifugates-became straw-yellow in colouf, thé colour of

un—-inoculated inactive medium. It was decided to perform inhibition



131

studies to characterize the cathodically active species assuming
that an iron-SH comple* was responsible for observed effects.§
Poséible methods of approach would have been the usé of complexing
reagents likely to rembve iron from the éctive comblexes, and also
reagents likely to react with the SH™ group, thus inactivating the
complex. Unfortunately; the reagents usually used in this typebof
study (substances such as cyanide and o~phenanthroline which are
iron complexants, and mefcury and silver compounds : sulphide re-
agents) are also likely to behave as cathodic inhiBitoré, thus

interferinngith the assay of the effect.

Air was the first inéctivatof tested. The centfifugate df‘an
active 1,3 dm® BR culture was prepared and its depolarization‘acﬁivity
tested and shown to be.present.‘ A 100 cnf quantity of this §entri-
fugate was added to the pplarizatipﬁ cgll and bubbled with ai£ for a
period of 8 h using a small electrical diaphragm pump; Thé PH rose
from 7,28 to é.value of 10,5 during this period, at the end of‘which '
the air supply was removed and nitrogeﬁ bubbling commenced for a period
of 1 h during which the pH was adjﬁsted to the original ﬁaiue of 7,28
by means of dropwise additions of dilute HCl1 from a Pasteur pipette.
The colour of the solution had, by this time, changed from a deep
éreen to straw yellow, and thé subsequent potentiostatic polarization

plot (Figure 67) showed that the cathodic activity had been removed.

It was found that bubbling the active centrifugate with nitrogen

{

alone caused the rise in pHitb 10,5 and en adjustment of the pH back

to the original value, the solution became straw-yellow and
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cathodicall& inactive. This type of behaviour was found to be
typical of all eultures used in this work. These results

indicated that the oxidizing action of oxygen was not necessary

to remove the effect f purging with an inert gas had the same
influence, and therefore that a gaseous species removable by
nitrogen-purging was responsibie for observed depolarization effects.
The most obvious gaseous species likely to be involved was H, S.

The cathodic actiyity of dissolved sulphide species was inveétigated
as the next stage of thié work.

9.3 The cathodic activity'of'diss01ved‘su1phide species

9.3.1 The species présent and possible cathodic rédctions

It is well-known that dissolved sulphide species (designated s¥
for the present purposes) exist mainly as H S, HS® and §': the

relative quantities of these depending upon pH via the equilibria

HS ‘w==== H + HS 9.6
g === g o+ 5 9.7

The molarity of the total sulphide speciee [S*] present in any of
the experimental cultures used in this investigation would be, at
maximum, equimolar to the quantity of sulphate originally present
in the medium (0,05 gg. The [S#} of active cultures used in this
investigation was determined by a volumetric (iodometric) method

(see appendix to chapter 9), and the results recorded in Table 10.
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It is evident (see Eiguré 68) that an increasing depolarization
effect is obseryable as the {S;) of the culture increases. Thet
quantity of each sulphide species at any given pH and [S*J may be
calculated, using the relevant equilibrium constant data. The‘

results of calculations for a [S*} of IQ"'are recorded in Figure 69.

The equilibrium constant data used were!®®
v o + -
9,1 x 10°% for (H ](HS ) and
]H S l | |
2 v ‘
' ) [S’ .
: [HS'

It is apparent that at a pH of 6,0 (the approximate pH of the most

| —

1,1 x 107'% for

rm——

active cultures) sulphides present exist almost entirely as st'
If this is the species causing the observed depolarization effects,

the cathodic reaction

S + 2e ————> 2HS  + H 9.8

may be operative. The calculated E° for this reaction from the
relevant thermodynamic data'®® (° of st(nq) = 27 400 J mol™',

u° of HS—;aq) = 12 600 J mol™"). is -0,415 V (hydrogen scale), and

the Nernst formulation 1is

E = -0,415 log 9.9
F .

At pH = 6,0 and [Si] = 0,02 (common values for catheodically-active

cultures) {H:s] would be approximately 0,0183, [ HS*} would be 0.0017
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137

That hydrogen sulphide is a powerful reactant.

The rate of any cathodic corrosion reaction of iron in which
hydfogen sulphide is reduced.is under diffﬁéion control

at qoﬁcentrations beloﬁ a certain level. The experiments
qﬁoted here indicate that diffusion control prevails up to

a concentration of approximately 3 x 1073 M.

At concentrations greater than 3 x 107> M, activation
limitations (characterizgd by Tafel interdependence of
cugrent and potential),contrdl the rate of any cathodic
corrosion reaction; and diffusion control_commences where
high current densities are reached, and at high over-
poten;ials. This occurs in a similar current and
potential range to the diffusion control on the major
depolarization effects reﬁorted'in sections 9.1.1.,

9.1.2, for cathedically active cultures.

QZS is the cathodic reactant likely to be responsible
for the major cathodic depolarization effects demonstrat-

able in cultures of sulphate~reducing bacteria.

Iofa and Phan Luong Cam'®® as a result of polarization experiments

using a rotating iron disc electrode in sulphuric acid solutions

containing hydrogen sulphide, concluded that cathodic stimulatory
effects exhibited by hydrogen sulphide were a result of catalysis
of the hydrogen evolution reaction. from H30+ ions by a Fe (H-S-H)

species formed at the electrode surface. The main evidence quoted
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in favour of this was the fact that, at a given acid concentration,
alterations in the H S concentration between 10 and 10 M did not

alter the limiting cathodic diffusion current, <, . Altering the

d1
+ . , . . .

H30 ion concentration at a fixed H2 S concentration, however, did

affect the magnitude of idl. Unfortunately quantitative idl Versus

[stJ data were not presented and it not possible to analyse the

validity of this.

The results of the present investigation are more consistent
with those of Bolmer154, i.e. that as [st] is increased; idl
increases. Bolmer. found, in addition to this that increasing the
stirring rate of the solution increased idl. It is suggested, as a
result of the experiments described above, that the influence of
H S on the corrosion rate of steel is that of a cathodic reactant
which at concentrations below approximately 10-3 M is subject to
diffusion control, and at high concentrations is subject to

activation control. These are the two types of control depicted in

Figures 7a and 7b for a cathodic reactant under diffusion control.

The form of the cathodic polarization curves recorded in gathodic-
ally-active cultures (Figures 53 to 58) is probably modified by the
presence of other electrochemically active substances in the growth
medium (protéins;'amonium ions and phosphates). Substances of this
nature would probably not be present at these concentrations in the
electrolyte in which corrosion takes place in a natura} environment.
Nevertheless, it can bé shown that all of the depolérization effects

demonstrated in cathodically-active cultures can be reproduced by
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the addition of purely inorganic substances to the growth medium.

Cathodic pola:ization curves were recorded in the growth medium
emﬁloyed, with the iron aﬁd sulphide additions usually made prior fo
inoculation, and also with the addition of sulphide to give a
concentration of 3 x 10f5§§4 It is evident (Figure 72) that these
additions successfully reproducg cathodic depolarization as recorded
in both depolarization regimes in cathodically—ac;ive cultures. The
depolarization regime at higher currents and overpotentials appears
certain to be ascribablevto the influence of cathodic rgaction 9.9.,
the reduction of hydrogen sulphide. Depolari?ation effects in the
regime of small currents and overpqtentials may be ascribable to
cathodic reactions involving an iroanS- comﬁlex or some other

substance modified by the presence of sulphides in the growth medium.

All experimental wofk conductedvduring this invgstigation has
indicated, therefore; that cathodic depolarization effects recorded ‘
in cultures of sulphate~reducing bacteria are ascribable solely to
the presence of inorganic sulphide species in the electrolyte.

The relationships of this fact to the von Wolzogen Kﬁhr - van der
Vlugt hypothesis and éxperimental demonstrations of cathodic
depolarization effects ascribed to enzymes will be dealt with iﬁ

the following chapter.
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CHAPTER TEN

AN EXPERIMENTAL INVESTIGATION OF THE VON WOLZOGEN KUHR -

VAN DER VLUGT HYPOTHESIS

As indicated in Chapter 4, the majofity of recent investigators

of mechanisms of SRB corrosion favour the von Wolzogen-Kihr - van

der Vlugt depolarization mechanism. The only evidence supporting

this mechanism has been derived from two types of electrochemical

i)

ii)

polarization experiments @

Cathodic polarization experiments in actively-growing

‘cultures of the organisms in sulphate-containing growth

media as performed by Booth and Tiller’’ 7% 7¢

and Horyath
and Solti’?. These experiments were taken to indicate
that cathodic depolarizatioﬁ in which sulphate reduction
according to reaction 5.1 took place was the‘major éharge—
transfer reaction. Similar polarization experiments
performed during the present investigation have indicated
that the éathodic reduction of dissolved hydrogen sulphide

is responsible for all such effects observed in this type

of experiment.

Cathodic polarization experiments performed in suspensions

of hydrogenase—active bacterial cells from which sulphate
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was omitted, and in which redox dyes were substituted as
"terminal electron acceptors". Experiments of this type
have been performed by Iverson®‘, Booth and Tiller®® and

88 89 The results of these experiments

Mara and Williams
were taken as evidence that cathodic reduction of the dye

was catalysed by hydrogenaée enzyme systems.

It was decided to perform expefiments of ﬁypé (i) above, in
order to test directly the von Wolzbgen Kuhr - van der Vlugt
hypothesis in the light of the knowledge given in the previous
chapter. |

Cathodic polarization éxperiments performed in cultures and in

cell'suspeﬁsions.in the presence of sulphates

The obiect of these experiments was to test the hypothesis that
reaction 5.1 catalyzed by hydrogenase-active bacterial cells, could
be»résponsible for the type of depolarization effects observed in
cultures of these organisms. Figure 73 is a diagramatic description

of the experimental procedure which was as follows @

(i) Cultures of organisms HIL, and WVB of volume 1,3 dm® were
prepared as in section 8.1, using an inoculum of 30 cm’

of actively-growing culture.

(ii) After incubation at 30°C for four days, the cultures were

" removed from the incubator and stored for 14 h at OOC.
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They were then examined as before for cathodic depolarizing
activity at mild steel electrodes at 30%¢ using a polarizing

speed of 500 m V per hour.

(iii)Having satisfactorily demonstrated this activity, the
cultures were centrifuged at 5 x 10° g for 10 minutes and
depolarization activity demonstrated in the centrifugates

as before.

(iv) The centrifugates were purged with high-purity nitrogen as
before, adjusting the pH values to the Ariginal value of
thé culture. During this process, cell suspensions were
prepared by washing the cells and re-centrifuging with
three changes of de—aerated tris buffer at pH = 7,0, and
re-suspending the cells in 15 cm’ of tris buffer. These
suspensions, containing the cells of approximately ! dm’
of active culture, were bubbled vigoréusly with hydrogen
for 20 minutes and stored under hydrogen in anaerobic jars

at 0°C until required ( periods of 2 - 3 hours).

(v) Cathodic polarization runé were repeated using the purged

centrifugates, at the pH value of the active culture.

(vi) Quantities of 1,5 cm’® of cell suspensions were then added
to 100 cm® of de-aerated sulphate-contéining growth medium
in the polarization cell under conditions of_vigdrous
nitrogen purging, at the original pH values of the active

cultures. This gave suspensions of cell in fresh de-
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aerated growth medium of cell concentrations approximately
equal to those of the original cultures. Purging was

continued for a further 30 minutes, and cathodic polar-
) |

ization data determined as before.

(vii)The cell susPensiéns were then assayed manometrically for
hydrogenase eﬁzyme_activity, using benzyl viologén as
reducible substrate, according to the technique given'iﬁ
the appendix to Chaptér 10, and their hydrogen absorption

coefficients determined.

Each set of experiments with an active culture occupied‘a-
period of approximately 8 hours, the manometric hydrogenase assay
being the last operation performed. ‘The results of the polarization
experiments are given in Figures 74 - 76 and the hydrogen absorption

coefficients are given in Table 12.

It is evident from these results that depolarization>effects
demonstrated in cultures were largely retainéd in cell-free centri-
fugates, and that the activity could be removed by purging the
centrifugates with an iﬁert gas. This is consistent with the
argument that dissolved hydrogen sulphide is the species responsible
for observed depolarizétion effects. The cells, while demonstrably
ﬁydrogenase active (as showﬁ in manometry), when‘resuspended iﬁ.fresh,
de—aerated, sulphate-containing medium; failed to show any déﬁolér—
izing activity. These cell suspension experiments were performed in

solutions de-aerated by nitrogen purgiﬁg at pH = 7,0, the conditions
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used by Booth and Tillér’t to demonstrate the depolarization effects
caused by thé‘putaﬁive hydrogenase—catalysed dyestuff reduction
reaction. If the von Wolzogen Kuhr -»vén der Vlugt depolarization
step (reaction 5.1) were fesponsible for observed dgpolarization
effects in these cultures, hydrogenase-active cell suspensions in

fresh, de-aerated sulphate-contaiﬁing mediuﬁ would have been likely

to demonstrate these effects as well.

These results have been pub.lished”f6 and support strongly the
argument that all observed depolarization gffects_are attributable
to the cathodic activity of hydrogen sulphide, and not to enzyme-
catalysed depolarization reactions. The experimental results of

Booth and Tiller", Iverson’“, and Mara and Williams recorded

88,89
in systems containing redox dyes still require explanation, however,
and some effort was directed towards studying the type of systems in

which these results were produced.

Experiments performed in media containing redox dyes.

In reports éf experimental investigations of cathodic depolar¥
ization phenomena in the presence of redox dyes, no mention is made
of the cathodic activities of the dyes themselves. The cathodic
activities of the'dyeé used in these experiments, methylene blue and
beﬁzyl viologen, Qere examined in de—aeratéd tris buffer solution at
pH = 7,0, at mild steel electrodes, using polariiation speeds of

500 m V per hour. The results are presented in Figures 77 and 78.
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It is evident that both dyestuffs are cathodically active.

The behaviour of mild steel electrodes in a series of methylene

blue solutions was as follows 3

(i) The "rest" or "freely corroding" potential was displaced
to more positive values by increasing concentrations of
the dye, indicating that cathodic depolarization may be

occuring.

(ii) At cathodic polarization values close to the "rest"
potential, methylene blue behaved as a cathodic simulator,
increasing the amount of cathodic charge passed for a .

given shift in potential.

(iii)At more negative values, methylene blue behaved as a
cathodic inhibitor, the inhibitive effect increasing with

methylene blue concentration

Benzyl viologen (Figure 78) produced similar behaviour of the
mild steel eléctrode, the inhibitive effect at extreme cathodic
voltages not being evident at the scanning speeds used, but this
effect was readily demonstratable at high concentrations of the

dye, using a true potentiostatic technique (Figure 79).

It is notable that at the concentration used by the workers
mentioned above in enzyme depolarization experiments (7,5 x 10'529

the dyes exhibited no strong inhibitive effects and, in fact were

.
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mild cathodic stimulators over most of the potential ranges

studied. It was noted that where marked inhibition occured during
a cathodic run, the electrode on removai from the cell was observed
to be coated with a thin film of reduced dye. At the concentration
7,5 x 10°°M, no such film was visible. It is possible that this
concentration is insufficient to form complete inhibitive coating

(possibly a monolayer thick) on the electrode.

An alternative explanation for cathodic depolarization effects

observed in the presence of redox dyes and enzyme preparations

It is necessary to refer to some of the published data on ;he‘
redox dyes concerned. The known pH»versus potential behayiour of
the dyes is pfesented in Figure 80. The line drawn for methylene
blue consists of data presented by Clark'®?, while the data for the

viologen dyes was obtained from Michaelis and Hill'®%.

The viologens, first described by Michaelis and Hill'®*®, were

considered to have the unique property among redox dyes that their

" equilibrium oxidation-reduction potentials were independent of pH.

This view has since been challenged by Green and Stickland'®! as a
result of experiments in which "Degrees of reduction” found in
experiments with bacterial and metal catalysts ovef a pﬁvrange of
7,3 to 8,9 enabled a slope of potential versus pH to be'calculated
which was very close to the theoretical pH versus potential hydrogen

equilibrium slope. Nevertheless, Peck and Gest'2?°® have used the



147

constancy 6£-the methyl viologen potential over a pH range as the
basis of a method of hydrogenase assay in which hydrogen evolution
from reduced methyl viologen (which in neutral and acid solution
has a potential more negafive than ﬁhat of hydrogen : see Figure 80)
by the enzyme was the measured quantity. Benzyl viologen was

found to behave similarly, although hydrogen evolution from its

reduced form was not as pronounced.

Methylene blue, although frequently used as a reducible substrate
in hydrogenase assay teéhniques is at least 400 m V more positive
in oxidation reduction potential, over the entire pH range betweeen
1 and 12, than the hydrogen ion-hydrogen gas equilibrium.
Consequently, it is likely to be reduced very early in ;he chain of
redox events of which the action of hydrogenasg is the climax.
Figure 81 contains some of the known feactions in this redox chain,
together with the oxidation-reduction potentials conéerned. Clearly,
hydrogenase,which is systematically known as hydrogen : ferredoxin
oxidoreductase can be more directly assayed by benzyl viologen than
by similar processes with methylene blue which will only be active
where several co-factors are present. This was pointed out in 1956

by Sadana and Jagannathan'?!.

The experimental systems used by Booth and Tiller®® and by

88 89

Mara and Williams to demonstrate enzyme—catalyzed depolarization

consisted of three main parts :
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(i) cCathodically polarized mild steel electrodes in the
potential ranges at which the redox dyes used would be

expected to be in the reduced condition.
(ii) Hydrogenase-active bacterial cells in suspension.

(iii) A redox dye which can be oxidized or reduced by the

hydrogenase enzyme system present.

. The mechanism proposed by Booth and Tillerf‘ to explain dépolér-'
ization phenomena observed in such systems (this was supported by
Mara and Williams""_8 f’) was that the enzyme removed "polarizing
hydrogen" ffom the electro&e surface and that this hydrogen was

used to reduce the dye according to

Fe 8 & 8 8 0 0 8 0 s 0 H E BVH
rapid ‘ , E rapid
Fe EH BV

The arguments of chapter 5 have indicated that, if this proqéss

does occur, it is unlikely to affect cathodic charge transfer rates.
Booth and Tiller also state®® that : "At none of the potentials

used in this work was benzyl viologen reduced at the cathode in the
abéence of either bacterial celis or cell fragments". ‘ﬁuring the
work with benzyl viologen described in section 10.2, feduction of the
benzyl viologen cértainly did occur in buffer solutions at mild

steel electrodes in the absence of any biological material, within

a similar potential range to that used by Booth and Tiller. This



149

may be diagnosed, both from the nature of the polarization curves
produced and also by the production of the purple reduced form of the
dye in the vicinity of the electrode. This was particularly obvious

in benzyl viologen solutions of high concentration (>10'4y)

The results of Booth and Tiller’® may be given the following

alternative explanation :

(1) Rapid reduction of the redox dye by cathodic charge occurs.,
This is probably by direct electron transfer from electrode
to dye molecule and not via "polarizing hydrogen'". The
éxidation-reduction potential of the dye at pH = 7,0
(-0,359V she) makes this easily possible. The organisms

or enzymes play no role in this reduction.

(ii) The dye is present at a very low concentration (7,5 x 10'5§D
and the rate of cathodic-charge transfef would, in the
absence of any other influence, be controlled by the rate
of diffusion of the oxidized dye molecules from the bulk of

the solution to the electrode/electrolyte interface.

(iii) Hydrogenase enzyme systems, however, can increase the
effective interfacial concentration of oxidized dye by
re-oxidizing the reduced form with, possibly, the

liberation of hydrogen gas.

The type of behaviour described in (iii) is well-known for

systems containing viologen dyes and hydrogenase. The viologen
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| . o e et 158 -
dyes, first described by Michaelis and Hill are dipyridyl

derivatives of the form.

% oxidized % reduced
+N.\\\\fjrm +N form
Hﬁz//// \\\\\\ ?H
HQ\\\\\\ CH
c/
D
| .
/C\
Hﬁ CH
HC _ CH
\+N/
R
R = benzyl or methyl group

Michaelis and Hill showed that when palladium cataiYst was added to
a system containing methyl viologeﬁ reduced with chrohous chloride,
hydrogen evolution took place. Viologen dyes appeared to have the
property of bringing about the production of hydrogen from water in

the presence of a sufficiently strong reducing agent and a catalyst,

Peck and Gest'?? showed that hydrogenase enzyme could serve
as a catélyst in this type of system, with hydrosulfitevas the
reducing agent. Methyl viologen and, to a lesser extent benzyl

viologen in their reduced forms would then be used to assay
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hydrogenase activity by causing hydrogen evolution at a rate

dependent upon catalyst (hydrogenase) activity.

In the fype of eXpe£imenta1 system used by Booth and Tiller®®,
the cathode of the electrochemical cell would have behaved as
reducing agent for the dye which was then re-oxidized by the
hydrogenase enzyme system in the vicinity of the electrode and made
available again for electrochemical reduction. This‘sequence would
constitute a catalytic electrochemical system of the type described
in the previous chapter, and would result in cathodic currents of

magnitude dependent upon hydrogenase enzyme activity.

The direction in which any enzyme—catalysed dyestuff oxidation
or reduction would be expec;ed-to proceed would be_expected to depénd
upon the redox gradient existing between the polarized_cathode and the
electrolyte. The experiments of Booth and Tillerf6 were comménced
at redox potentials measured with platinium eiectrodes (at pH = 7,0)
of -0,25 V (she) in the bulk of the electrolyte, and were continued
until this value reached -0,32 V (she), the potential at which 5073
reduction of the dye woﬁld be expected. ‘The polarized potentials
of the cathodes employe&, howéver, were in the range -0,65 to -0,95
V (she). VUnder these conditions, the thermodynamic tendency exists
for subétances reduced at the electrode surface to be re-oxidized.
Oxidation of reduced benzyl viologen.cafalysed by the enzyme
(probably accompanied by hydrogen evolution) is a possibility under

such circumstances.
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A similar catalytic system may explain the results obtained

by Mara and Williams®® 8%

using methylene blue as redox dye. 1In
this case, some part of the electron transport system associated
with hydrogenase and effective in the redox potential_range of
methylene blue may be operative. In such a potential range, the
hydrogen evolution reaction would not be the overall reaction cata-
lyzed. | The_enzyme—catalyzed fe-oxidation of electrodically reduced

methylene blue would have to be associated with some ultimate

electron acceptor, other than water, active in this potential range.
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CHAPTER ELEVEN

THE MECHANISM OF THE CORROSIVE EFFECT OF SULPHATE REDUCING

BACTERIA

It has been shown, by feasoning based on established
information on the cathodic kinetics of hydrogen ioﬁ and water
electronation at iron electrodes, that enzyme—catalyzed depolar-
ization réacﬁions frequently hypothesized in the literature, in
which atomic hydrogen is removed from "polarized" cathodes, are
unlikeiy to piay a role in the corrosion of iron. Direct
experimental testing has supportéd this inference and has shown
that all observed éathodic depolariZétion effects in SRB cultures
are attributable to the action of hydrogen sulphide., Established
electrochemical corrosion theory has been successfﬁl in quantita-
tively describing most aqueous corrosion sfstems in chemical
thermodynamic and kinetic terms. The case of SRB corrosion has
hitherto eluded such quantitative explanation. Table 1 lists
some of the high corrosion rates observed in the presence ofvthese
organisms. ' The corrosion current densitieé icorr, in the right—
hand column, were calculated as the current densities, i’, required
at a metal surface where metal dissolution.éccording to

Fe > Fe''l + 2e¢ 11.1
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is proceeding, for these rates of penetration to have occured.
The overall corrosion process is assumed to have taken place in a

system where

= I = -I o 2.51

corr m z
and
‘Im = im A ' ~2.47 (a)
I = z Ab. | 2.47 (b)

(im and iz represent current densities at anodic and cathodic
areas and A;‘apd A.c Ehe respective areés).

It is intended to propose a mechanism of corrosionvwhiéh is
consistent both with the experimental results accﬁmulated.during
this investigation, and with the high corrosion rates observed in

practice (Table 1).

All experimental results presented hitherto have concerned the
cathodic corrosion reaction; it is necessary to present some data
concerning the anodic reaction before proceeding with a corrosion

mechanism discussion.

The anodic behaviour of mild steel in SRB cultures

. 1. 75, 16 . . ' .
Booth and Tiller '* '°» "% in their early polarization

studies of the behaviour of steel in cultures of SRB demonstrated
that, as the age of the culture increased, anodic depolarization

manifested by a decrease in slope of the anodic polarization curve
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occured and ﬁﬁis was followed, at greater culture ages, by a
stepping up of the slope of the curve. Unfortunately in these
experiments.all consecutive anodic and cathodic‘curves for any

one culture were recorded using the same mild steel electrode
which was left in tﬁe growing culture. The resulté are'likeiy

to have been affected by accumulations of corrosion products, some
of which were probably created artificially by anodic treatment,
and also by changes in effective electrode surface area. -Hoar and
Farrer = found that culture media inoculated with mixed soil cultures
containing sulphate-reducing bacteria caused a diminishing of the
anodic'polarization slope, and indicated tha;vthis polarization
behaviour was similar to that recorded in solution containing

small quantities of sulphides (lO_AM or less).

If waé decided to follow the course of the onset of anodic
activity of cultures with age in the same w&y as'cathqdic activity
was‘studied in sectioﬁ 9.1. Cultures of HIL were prepared as
before, and the anodic polarization characteristics of freshly-
prepared mild steel electrodes in cultures of different ages
studied.  Increments in set ﬁotential were made when the current
reached a constant value at any given setting. The results are
given in Fig. 82. It is evident that anodic inhibition appeared
to arise with age of the culture. ‘This was accompanied by a
drop in pH and an increase in turbidity of the culture, és in the
experiments described previously in Section 9.1. The_apparent
anodic inhibition demonstrated here was accompanied bykthe

formation of black ferrous sulphide films on the electrode surface
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" during polarization experiments. No initial diminution of the

slope of the curves was detected in the youngest cultures.

The anodic behaviour of mild steel in sulphide solutions

A series of solutions of NaZS 9H20, A.R. in 0,02 E_NaCl'was
made as before with [Sf}{values between 10 ° and 107 M. Anodic
polarization curves were recorded for mild steel electrodes in
these solutions adjusted to pH 7,4 as before. These curves
together»With the cdrresponding cathodic curves for_solutions of

the same concentration are given in Fig. 83. It is evident from

these results that sulphides do affect the anodic process. Anodic

Tafel slopes recorded in the presence of various quantities of

sulphides are given in Table 13.

These results are édnsistent with those of Hoar andvfarrer in
showing that small amounts of sulphide (10“s M or less) in
solution lower the anodic Tafel slope, and that larger amounts
(>10_'s M) tend to increase it (with respect to the slope obtained
in the absence of sulphides); At the higher sulphidé concentrations,

visible films were formed.

A soiution of sulphide of molarity,[S*lQ,Ol4 (determined by
titration using the iodometric method deécribed in the appendix to
Chapter 9) was obtained by treating 0,02 M NaCl solution with
hydrogen sulphide from a Kipp's generator. Its pH waé adjusted to

6,65 with additions of NaOH solution before analysis and use in
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polarization'experiments. An anodic polarization experiment

was performed using a freshly-prépared mild steel electrode

at a écanning speed of 500 mV per hour.  The curvé produced

(Fig. 84) was typical of[the type prod@ced in an electrolyte in
which passivity occurs. If freshly—prépared electrodes were left
in this solution for 30 to 40 minutes the potential rose to within
the passive zone, this process being accompanied by the fo;mation
of an adherent black sulphide film. This apparent passivity is
similar to a'phenomenon reported by Bolmer ** for'iron in solutions

containing 102 to 107 E'HS_.

It is apparent, thus, that in the presence of dissolved sulphide
vspecies at near-neutral pH, the polarization results indicate the

following corrosion behaviour of mild steel.

(1) At low sulphide concentrations (below approximately 10> M).

The presence of small quantities of sulphide appears to alter
the mechanism of the anodic reaction, lowering the Tafel slope,
and possibly increasing the corrosion rate. The cathodic

process at these low concentrations is likely to be

*

—

HS + e > HS + W,

and is under diffusion control in quiescent conditions, as is

the overall corrosion process.

(ii) At high sulphide concentrations (above approximately 107° M).

The same cathodic reaction as above occurs, but at the corroding

potential is under activation control, measurable Tafel slopes
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being obtained. The anodic Tafel lines become steeper at
higher sulphide concentrations, indicating anodic inhibition,
and at a concentration of 0,014 M passivation by a reaction

product film appears to occur.

11.3 The propertiés of iron sulphide corrosion products

That corrosion rates of steel in the presence of SRB are pro-
foundly influenced by the type of sulphide film formed on the metal
was clearly shown by Booth and co-workers, as described in Chapter
Chapﬁer 47" %" Culture media of high iron content gave
considerably higher cdrrosion rates than those of low iron content
(Table 5), and these high corrosion rates were associated with
loosely-adherent, bulky iron sulphide films. Polarization
experiments with mild steel electrodes in cultures grown in media
of varying iron contents®® showed that where the iron content was
high (12 500 uE); bulky, non adherent deposits formed, and this
was accompanied by vigorous, sustained cathodic depolarizationm.
Where iron contents were low (25 uM), hard, adherent films,
accompanied by diminished cathodic depolarization effeqfs, were
formed. These conclusions regardiﬁg the r6le of dissolved iron
in the medium were supported by the results of King, Mille; and
Wakerleygl and it was concluded that, whatever the hydrogenase
activities of the sﬁlphate-reducing organisms (these observations
included Desulfotomaculum species), provided sufficient iron is
present, the organisms could cause cathodic depolarization and

corrosion.
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While.it has Eeen recognized that loosely-adherent FeS
deposits haﬁe a pronounced stimulatory effect on corrosion and on
the cathodic charge-transfer rate in polarization expériments, no
attempts have been made to interpret these effects in quantitative
electrochemical terms. Polarization experiments have been
performed with iron or steel electrodes in contact with various

81,92,93,96,97 |,

forms of FeS in the absence of any bacteria, and it

has been shown clearly (Fig. 21) that the presence of solid iron

sulphide does have the property of greatly increasing the current

required to polarize an electrode of mild-steel.

These observations were tested experimentally during the
present inves;igationm 0,5 M solutions of each of.FeSO4.>HzQ A.R.
and Nazs.QHZO A.R. were made up in | dm’ quanﬁities of distilled
water, de—aerated by nitrogen purging. The sédium sulphide solution
was added to the iron suiphate, sfirring the mixture with the
nitrogen stream, A dense, black FeS precipitate was produced.

The pH of thé mixture was adjusted to 7,0 by additions of dilute HCl
and NaQOH solutions. The precipitate was then filtered off, using

a Sartorius SM pressure filtra;ion apparatus fitted with a Sartorius
1,5um pore-diameter membrane filter. The filtraﬁion was conducted
under nitrogen pressure and the precipitate was washed with 1 dm’
(added in 200 cm quantities) of 0,02 M NaCl solution, previously
de—aerated by nitrogen purging. A'éortidn'of the precipitate was
transferred to a 5 cm capaqity porcelain crucible whiﬁh was placed
in the bottom of the polarization cell immediately above the outlet

tube. The top of the cell was placed in position and a freshly-



160

prepared mild steel electrode inserted until the metal portion
was completely immersed in the FeS precipitate. 0,02 M sodium
chloride solution was added against a stream of nitrogen gas
until crucible and electrode assembly were completely immersed.
The reference electrode probe was inserted such that its tip was
just clear of the surface of the FeS precipitate (see Fig. 84).

A steady stream of nitrogen was passed through the head-space

of the cell, and cathodic polarization commenced at a rate of

500 mV per hour. The polarization curve recorded, together with
the curve for the mild steel electrode in de-aerated 0,02 M -

NaCl are presented in Fig. 85.

It iS'évident that the presence of the FeS preciéitéte has the
influenée of altering the corroding potential of.the'mild steel
electrode by approximately 100 mV in the anodic direction. In
addition to this effect, a very large current is réquired to‘
polariie the mild steel/FeS composite cathodically. | This
behaviour conforms to that demonstrated by Booth, Elford énd Wakerley

. 81
for a similar system .

The fact that the corroding potential of steel is shifted in the
anodic direction by the presence of FeS indicates (from mixed-
‘potential reasoning) that the FeS behaves as a cathode towards mild

3,96 9 § P
83,96,97 have proposed.that this is so, but have

steel. King et al
indicated, as a result of weight loss experiments, that its r6le as

a cathode (when prepared chemicélly in the laboratory) is short-lived,
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and that continuous high corrosion rates can only be Suétained

where the supply of FeS in contact with corroding metal is regularly
replenished with fresh precipitate. ' As stated preﬁiously, no
quantitative electrochemical interpretation of the‘polarization :

characteristics of this FeS corrosion product has yet been proposed.’

The Butler-Volmer equation was derived in Chapter 2 as the
fundamental relationship governing the polarization characteristics
of an electrode. This equation was derived in two convenient forms

for expressing polarization behaviour : the low-field and high-field

approximations. According to the low-field approximation
. tan _ )
* RT ' 2.27
or
7 RT
"= ITF

-]
Only when i>i° will n become appreciable. When n exceeds 10-15 mV,

i.e. when i>>io, the high-field approximation.

Z;égéﬁz log io - Z;;gé;&l log 7 . 2.44
a F a F :

becomes applicable, and n becomes proportional to log 7. Now we

have indicated, for the cathodic component of a corrosion reaction,

that

1 = 7 A ' 2.48(a)

2 z [<]

Where L is the total cathodic current and is the product of the



162

cathodic curreﬁt density 1, agd the cathodic surface area, A, .

The results of cathodic polarization experiments with FeS have
indicated that very largé values of I are produced for small
overpotentials._ Therefore, by 2,27, Io;zmust also be appreciable.

The reason for this must be that either ioz or A is unusually large

for a corrosion system.

An attempt was made to determine the specific‘surface area of
some of the FéS corrosion product from one of the pits in the pipe
corrosién case depicted in Fig. I. A description of the technique
is given in the Appendix to this chapter. The method used was the
measurement of nitrogen adsorption by a differentialvtecﬁnique and
calculation of the sqrface afea from the Brunauer—Emmett-Teller.
relationship. The mean specific surface area determined by'this
method was 13,3 (t-BZ) mFg_1; The total contents of the pit
(weighing 1,0222g) therefore had a surface area §f 13,6 m . This

. . . 3
corrosion product was removed from a pit of approximately 1 cm

volume.

A proposed corrosion mechanism

The essential questien to be answered by any propoéed corrosion
mechanism is : how is it possible for anodic current densiﬁies of
the magnitude calculated for actual corrosion rates (using'Faraday‘s
Laws) to be sustained at the corroding metal surface? | For the model

proposed in section 2.5.1. at the corroding potential

= I = -»I 2.51

corr m z
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and also

1 =7 A 2.47(a)
m ym a .

I =7 A 2.48(a)
z F4 [+1 ' )

In othef words, at the corroding potential, the magnitude of the
corrosion current is equal to those of each of the individual
currents flowing across the charge—transfer interfaces of anodic
and cathodic components of the corrosion cell. The corroding
(or anodic) surface in this case is usually the interior of a pit
in the metal concerned. We shall select case 11 of Table 1 as

an example of a case where a high corrosion current caused pitting.

'From Faraday's Laws, we may calculate that a current density
of 441uA cm ° would have been required within the pit to cause the
observed rate of penetration. The ﬁit involved had-a volume of
approximately 1 em . If we assume that the approximate dimensions
of the pit to be a cylinder of diamefer = 1,50 cm, dep;h = 0,57 cm,
the internal surface area (JIDh + Hrz) would be 4,44 cm?. Now,
assuming further that (i) the current density of 441pA em © is
uniformly distributed over the internal.surface of the pit, and (ii)

that the whole of the internal surface is a corroding anode,

.

I =< A

m o m a

1

bh1 x 4,4bpA 2.47(a)

1958uA

This current would be supported by the mass of FeS corrosion
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product filling the pit, acting as cathode. In this case, with

a cathode of surface area 13,6 m , the current density required is

1958

136 000 HA o

#

0,014pA cm ®

It is possible that not all of the surface area of the corrosion
product is available as a cathode. However, evenvif the effective
area were reduced by a factor of 102; the cathodic current density

‘required would be only 1,4pA em 2.

We must next ask the nature of the cathodic reaction responsible
for this current density. The experimental results of chapters 8

and 9 have indicated that the reaction

HS + e ———> HS + §H24 - 9.8

is the most likely. The corrosion product mass within the pit would

contain cells of sulphate-reducing bacteria, continuously producing

the cathodic reactant. The absence of this continuous supply of

cathodic reactant may have been fesponsible for the non-permanence

of the cathodic behaviour of FeS precipitates inAthe experiments
93,06,97

of King et al . The rate of sulphate-reduction within a pit

would be expected to depend upon the following :

(1) The growth of the bacterial colony

. s . . 1 .
As indicated by Khosrovi, MacPherson and Miller 37, actively
growing cells would be expected to carry on sulphate reduction
by organic substrate oxidation, provided these substrates were

present.
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(iii)
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’

The utilisation of molecular hydrogen, produced by the

cathodic reaction, in sulphate-reduction by the hydrogenase

systems of resting—stage cells

i.e. by cells not actively growing by organic substrate

oxidation as in (i). This effect has been demonstrated

by Khosrovi, MacPherson and Miller'>’. Such consumption of

hydrogen would not be of the type proposed by the von Wolzogén
Kihr - van der Vlugt mechanism, but it may play some part in
determining the rate of the corrosion reaction by removing
molecular hydrogen (probably Present as bubbles) from the
cathode surface and supplying further QZS forvthe cathodic
reaction. The presence of gas bubBles may also have a
supporting influence én the cathodic reaction rate by

decreasing the thickness of the diffusion layer (if the reaction

69

is diffusion—controlled) as shown by Bockris and Cahan' for

porous electrodes.

The rate of transfer of organic nutrients and sulphates from

the external aqueous environment to the bacterial cell/FeS -

mass. In this respect, natural convection due to density
gfadients'and also to evolved gas bubbles may play a rdle.
At peripheral parts of the culture/FeS mass, i.e. where it
may come in>contact with traces of dissolved oxygeﬁ (as

indicated by Copenhagen’sofor harbour conditions), re-

. oxidation of H S or HS to SOj may occur. Species of

, . . , 3 .
Thiobacillus may be involved in such a reaction . In this
way, a considerable economy in sulphate consumption may

occur by its cyclic use.
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The typé of corrosion situation in which a mechanism of the
type described above may be operative is expressed in Fig 86(a) and
(b). Fig. 86 (a) expresses the electrochemical situation at any-
given instant during corrosion of the type taking place in case 11,
" Table 1. The cathodic reaction rate may be either activation—
or coneentration—polarization controlled. Over an extended period
of time Icorr would ultimately depend upon factoré (i), (ii) and
(iii) above. The physical situation proposed is depicted in Fig.

86(b).

"It has emerged from labArétory experimenﬁs and ecological
observations that media of high iron content (higher contents than
the minimum nutritional requirement) are suitable for the growth
of sulphate-reducing bacteria and consequent corrosion. On
initial lodgement of a sulphate-reducing organism on a‘metai surface
and hydrogen sulphide production, the presence of sufficient Fe' '
in the medium would cause the forma;ion of FeS precipitates around
- the bacterial cell thus creating a cathode for.theinitial corrosion
reaction. Within this cathode mass, the cathodic reactant would be
generated which, on electrochemical discharge, would cause the
dissolution of iron as Fe+f from the metal surface. The Fe+f ions,
in migrating away from the anode surface, would encounter H S or HS
ioﬁs and would cause further precipitation of FeS, thus enlarging
the cathodic sﬁrfacé.area. Under such conditions, thevamount of
% S or HS reaching the corroding anode surface would be small,
probably insufficient to cause anodic inhibition by film—formation as
described earlier, but possibly sufficient to lower the anodic Tafel

slope as shown in section 11.2.
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This model may be elaborated by incorporating particle size
vefsus surface area data for the FeS corrosion product, or by
morphologi;al data‘on the Desulfovibrio cell énd its geometrical
relationship to the FeS éofrdsioﬁ produét énd FéS particles said to
exist in cell.wallsg7, but invthe absence qf firmly established

data, such elaboration would be conjecture.

Recommendations for further research

The experimental results accqmulated_during this inyestigation
as well as those published by other investigators have been used as
a basis for a proposed mechanism of SRB corrosion. Two particular
types of experimental data have been found lacking in the published
literature and, in the author's opinion, have been insufficiently
investigated during the course of his own experimental work. These
are proposed as topics for future research which may have consequences
of far wider significance than developments towards a satisfactory
theory of SRB corrosion mechanism. These topics are the phenomena
of catalytic hydrogen evolution and the electrochemical behaviour

of the sulphides if iron.

Catalytic hydrogen evolution

This phenomenon, relatively well-documented in studies
performed at the dropping mercury electrode, has been sufficiently
described for other electrode systems. The possibility of its
occurence during corrosion of iron in sulphide—coﬁtaining media,

as indicated by Iofa and Phan Luong Canﬂss, should be afforded
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‘a full experimental investigation with as complete a theoretical
analysis as possible in fundamental electrochemical terms. .The
development of a comprehensive theory of catalytic hydrogen
evolution would enable a more complete investigation of the

‘r61e of enz&me systems in electrochemical reactions to be made, in

' particulaf,-that of hydrogenase systems in cathodic reactioms.
It is also possible that the phenomenon of catalysis of the
hydrogen evolution reaction by substances adsorbed at the electrode

| may have considerable technological importance, for example, in
the electrolytic production of hydrogen.

11.5.2 " 'The electrochemical properties of the sulphides of iron

Data is available on the thermodynamic (Nermstian) properties
of the stlphides of iron. Sato161 has given a particularly com-
prehensive thermodynamic treatment to metal Sulphidés. Electro-
cbemical kinetic data, hawever, are lacking. Ward162 has indicated
that mackinawite (the first-~formed sulphide during corrosion) has a
most unusual structure, ﬁaking it metallically conducting along one
crystallographic plane and semiconducting along another. Further
experimental éffort should be devoted towards tﬁe study of the
cathodic characteristics of this, and of other metai sulphides.
Experimental systems such as used in studying these sulphides in |
contact with metal electrodes (as in section 11.3) could be used to
better advantage. More effort should be devoted towérds determining
the actual nature of the cathodic reaction obéerved in such systems

and its fundamental electrochemical characteristics (such as io and a).



‘GLOSSARY OF SYMBOLS AND ABBREVIATIONS USED

(i) Symbols

a ‘the transfer coefficient for an electrochemical reaction.

8 the symmetry factor for an electrochemical reaction.

Y the number of electron transfer steps preceding (?) or
following (?) the rate-determining step of an electro—
chemical reaction.

n the overpotential»qf an electrode system (the difference
in potential between”the p&larized and the equilibrium
state of an electrode system).

K the Boltzmann Constant (1,38 x lO—QSJK_l).'

ﬂA the chemical pbtential (J mol—l)bof substance A.

v the rate of an electrochemical reaction (mol cnﬁ S—l).

v, the stoichiometric number of an electrochemical reaction
(thevﬁumber of times the rate~determining step occurs per
overall occurrence of the reaction);

¢ the potentiai_difference (volts) acfoss an electrode-
electrolyte inferface.

a(A) the thermodynamic activity of species A in liquid
éolution. | |

c, the molar concentration of species A in solution.

D, the diffusivity (cnf S“—‘) of species A.b

E the potential of an electrode on the sténdard_hydrogen

electrode (she) scale.



(ii)

the oxidation-reduction (redox) potential of an electrolyte
measured at a platinum electrode relative to the redox
potential of the hydrogen ion - hydrogen gas system at.

the same pH. |

the Faraday Constant (9,648 x 10° ¢ mol_l).

F

AG?* the standard free energy of activation (J) of a reacting-
chemical system.

i the standatd enthalpy (J) of a chemical specieé.

p, the partial pressure of gaseous species A.

S* ;hé sulphide species (includes 82: Hs , st).

Abbreviations

APS adenosine phosphosulphate

ATP adenosiﬁe triphosphate

she the standard hydrogen electrode (the hydrogen ion -
hydrogen gas system with the chemical species present

_in their thermodynamic standard states).
SRB the dissimilatory sulphate-reducing bacteria.



11.

]2.

13.

"REFERENCES CITED

Lehman, G. In : Korrosion und Korrosionschutz, F. Todt, Editor.
de Gruyter, Berlin, 122 (1961).

Postgate,vJ. In : Corrosion, L.L. Shrier, Editor. Newnes, London,
Vol I, 251 (1965)

Costello, J.A. International Biodeterioration Bulletin, 5 (3),
101 (1969)

Miller, J.D.A., and Tiller, A.K. In : Microbial Aspects of
Metallurgy, J.D.A. Miller, Editor. Medical and
Technical Publishing Co., Aylesbury (1971).

Wessel, C.J. News Report, National Acad. Sci. USA'NRC, 7
53 (1957) |

Starkey, R.L. Prod. Mon. 22 (9), 12 (1958).
Booth, G.H.  J. Appl. Bact. 21 (1), 174 (1964)

Council for Scientific and Industrial Research (S.A.), Pretoria:

Technical Information for Industry, 8 (2), 1 (1970)
Copenhagen, W.J. Brit. Corros. J. 1 (9), 344 (1966)

Cbstello, J.A. Proceedings : 2nd South African Corrosion

. -
anférence. CSIR, Pret:orla.-GA.CSIR 23D 1642_,
172 (1972)

Blanchard, G.C., and Goucher, C.R. Electrochem. Technol., 5
(3-4), 79 (1967)

Churchill, A.V. Mater. Prot. 2 (6), 18 (1963)

Foley, R.J. Electrochem. Technol., 5 (3-4), 72 (1967) -



17'

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29,

Hedrick, H.:G., Crum, MG., Reynolds, R.J., ahd Culver, S.C.
Electrochem. Technol., 5 (3-4), 75 (1967)

Iverson, W.P. Electrochem. Technol., 5 (3=4), 77 (1967)

Iverson, W.P. Seience, 151 (3713), 986 (1966)

Ward, C.B. Mater. Prot., 2 (6), 10 (1963)

Cox, G.L., and Roetheli, B.E. Ind. Engng. Chem., 23, 1012
(1931) '

Booth, G.H., Cooper, A.W., and Cooper, P.M. Chem. Ind., 49,
2084 (1967)

LaQue, F.L. In : Corrosion Handbook, H.H,'Uhlig, Editor. Wiley,
New York, 383 (1963)

Bunker, H.J. J. Soc. Chem. Ind., 58, 93 (1939)
Copenhagen, W.J. Trans. Roy. Soc. of S.A.;'gg, 2 (1934)

Doig, K., and Wachter, A. Corrosion, 1 (7), 212 (1951)

Uhlig, H.H. In : Corrosion Handbook, H.H. Uhlig, Editor. Wiley,
New York, 133 (1963)

Evans, U.R. The corrosion and oxidation of metals, Armold,
London (1960)

Evans, U.R., and Hoar,'T.P. Proe, roy. Soec. (A) 137, 343 (1932)

Agar, J.A. work described by U. R. Evans in J. Iron St.'Inst.,
“141, 219 (1940)

Glasstone, S., Laidler, K.J., and Eyring, H. The theory of rate
processes, McGraw-Hill, New York (1941)

Wagner, C., and Traud, W. - Z. Elektrochem, 44, 391 (1938)



30.

31.
32.

33,

34'

35.

36.

37.

38.

39.
40.
410

42,

43,
44,
45.

46.

Pourbaix, M.  Thermodynamics of dilute aqueous solutions,
Arnold, London (1949) ’

Bockris, J. O'M., and Reddy, A.K. Modern Electrochemistry,
Vol 2. Plenum Press, New York (1970) .

 Vetter, K.J. Elektrochemische Kinetik, Springer-Verlag, Berlin

(1961)
Stern, M. Corrosion, 13, 775t (1957)

Stern, M;, and Geary, A.L. J. Eleetrochem. Soec., 104, 56
(1957) |

Stern, M. Corrosion, 14, 440t (1958)

| Delahay, P. New Instrumental Methods in Electrochemistry,

Interscience, New York (1954)
Makrides, A.C. Corrosion 18, 338t (1962)

Hoar, T.P. The anodic behaviour of metals. In Modern Aspects
of Electrochemistry, No. 2, J. O'M. Bockris, Editor.
Butterworth, London (1959)

Postgate, J. Bact. Reviews, 29 (4), 425 (1965)
Wight, K.M., and Starkey, R.L. J. Bact. 50, 238 (1945)
Butlin, K.R., and Adams, M.E. DNature, Lond. 160, 154 (1947)

Butlin, K.R., Adams, M.E., and Thomas, M. J. Gen. Microbiol.
3, 46 (1949) |

Sisler, F.D., and Zobell, C.E. J. Bact. 62, 117 (1951)
Postgate, J.R. Z. Allgem. Mikrobiol. 1, 53 (1960) -
Beijerinck W.M. Centr. Bakteriol. Abt. 1, 1, 49, 104 (1895)

Zobell, C.E.  Prod. Mon. 22 (7), 12 (1958).



47.

48.

49.

50.

Sll

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bunker, H.J.  DSIR Chemistry Research. SpeciaZ Report No. 3,
HMSO (1936) | | |

Baas Becking, L.G., Kaplan, J.R., and Moore, D.
~ J. Geol. 68 (3), 243 (1960)

Booth, G.H., and Tiller, A.K. Trans Faraday Soc. 56, 1689
. (1960) ‘

Tiller, A.K., and Booth, G.H. Trams Faraday Soc. 58, 110 (1962)
Booth, G.H., and Tiller, A.K. Trans Faraday Soc. 58, 2510 (1962)

Booth, G.H., and Tiller, A.K. Corrosion Seci. 8, 583 (1968)

Campbell, L.L., and Postgate, J.R. Bact. Rev. 29, 359 (1965)

Postgate, J.R., and Campbell, L.L. Bact. Rev. 30, 732 (1966)
Booth, G.H. ~J. Appl. Bact. 27, 174 (1964)

Baars, J.K. "Over Sulfaatreductie Door Bacterien". Doctoral
Thesis. Naamloze Vennootschap W.D. Meinema, Delft
(1930)

Starkey, R.L.  Arch. Mikrobiol. 9, 268 (1938)

Mechelas, B.J., and Rittenberg, S.C. J. Gen. Microbiol. 31,
365 (1960) '

Roy, A.B., and Trudinger, P.A. The Biochemistry of Inorganic
Compounds of Sulphur, Cambridge University Press
(1970) '

Zobell, C.E. J. Sedimentary Petrology 22, 42 (1952)

Miller, J.b.A., and Wakerley, D.S. J. Gen. Microbiol ﬁg; 101

‘(1966)

Postgate, J.R., J. Gen. Microbiol. 15, 186 (1956)



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Horvath, J., and Novak, M. Corrosion Sei. 4, 159 (1964)
Von Wolzogen Kihr, C., and van der Vlugt, L. Water,
Den Haag, 16, (1934)

Stephenson, M., and Stickland, L. Biochem, J. 25, 205 (1931)
Stephenson, M., and Stickland, L. Biockem. J. 25, 215 (1931)

Hadley, R. = Corrosion by micro-organisms in aqueous and soil
environments. In Uhlig, H.H., (editor),
The corrosion handbook, Wiley, New York, 466 (1948)

Wanklyn, J., and Spruit, C. Nature, Lond, 169, 928 (1952)
Wanklyn, J,, and Spruit, C. Nature, Lond, 168, 951 (1951)

Horvath, J., and Solti, M.  Werkstoffe und Korrosion 10, 624
(1959)

Booth, G., and Tiller, A. Trans. Faraday Soc. 56, (455), 1689
~ (1960)

Booth, G., and Wormwell, F. 1st Int. Congr. Metall. Corros.,

Butterworth, London (1961)

Hoar, T., and Farrer, T. Corrosion Sei. 1, 49 (1961)

Booth, G. Corrosion Sei. 2, 227 (1962)

Tiller, A., and Booth, G.  Trana Faraday Soc. 58 (469), 110
(1962) ' ' '

Booth, G., and Tiller, A. Trans Faraday Soc. 58 (480), 2510
(1962)

Booth, G., Shinn, P., and Wakerley, D. Congrés International de
la Corrogion Marine et des Salissures, Cannes,
C.R.E.O., Paris (1965)

Booth, G., Cooper, P., and Wakerley, D. British Corrosion J. 1,
345 (1966)



79.

80.

81.

82.
83.
84.
85.
86.
87.
88.
89.

90.

91.

92.
93.
9.
95.

96.

Booth, G., Cooper, A., and Cooper, P. Chem. Ind. 49, 2084
L (1967) |

Booth, G., Robb, J., and Wakerley, D. 3rd int. Cong. metall.
' - Corros., Moscow, 1966 2 (5), 542

i

Booth, G., Elford, L., and Wakerley, D. ' British qurosion J.vgj,.
242 (1968) - ’

Peck, H., and AGest, H. J. Bacteriol. 71, 70 (1956)
King, N., and Winfield, M. Biochim. Biophys. Acta 18, 431 (1955)
Iv‘erson,. W. Seience 151, (3713), 986 (1966)

Lverson, W. 1_‘Nature, Lond, 217, 1‘265 (1968)

Booth, G., and Tiller, A. Corrosion Sei. 8, 583 (1968)
Mara, D., and Wiiliams, D. Corrosion.'.éci. 11, 895 (1971)
Mara, D., and Williams,. D.  Corrosion Sei. 12, 29 (11972)"
Mara, D., Yat.1d Williams, D. Chem. Ind.,.May 1971, 566 (1971)

Ashton, S., King, R., and Miller, J.  British Corrosion J. 8,
132, (1973) ' '

King, R., Miller, J., and Wakerley, D. British Corrogsion J. 8,
89, (1973) '

Mara, D., and Williams, D. Bi*itish Corrosion J. 1, 94 (1972)
Krir-ig, R. , and Wakerley, D. British C‘orrosibn J. g, .'41' (1973)
Berner, R..  J. Geol. 72, 293 (1964) B

Milton, C éorrosion ._2_2_, .191 (1966)

King, R., Miller, J., and Smith, J. British Corrosion J. 8,
137 (1973) ’ '



97l

98.
99.
100.
101,
102.

103.

104,
105.
106.

107.

108.

109.
- 110,

112,

113.

114,

King, R.A., and Miller, J.D.A.  Nature 233, 491 (1971)

MacPherson, Rhona, and Miller, J.D.A. J. Gen. Microbiol 31,
365 (1963)

Sisler, E.D. New Sei. 12 (256), 110 (1961)

Handbook of Chemigtry and Physics, R.C. Weast, Editor.
Chemical Rubber Company, Cleveland (1971)

Burton, K., and Krebs, H.A. Biochem. J. 34, 94 (1953)
Delahay, P. J. Amer. Chem. Soc. 14, 3497 (1952)
Onsager, L. J.vChem. Phys. 2, 599 (1934)

Potter, E.C. EZecfrochemistry : prineiples and appiications,

.- Cleaver-Hume, London (1961)

Parsons, R., and Bockris, J. O'M. Trans. Faraday Soc. 41, 916

(1951)

Bockris, J. 0'M., Drazie, D., and Despic, A.R.
Electrochimica Acta &, 325 (1961)

Barnartt, S. J. EZectrochem. Soc. 119, (7), 812 (1972)

Parsons, R. Handbook of electrochemical constants, Butterworth,
London (1959) | | |

Enyo, M. Electrochimica Acta 18, 155 (1973)
Enyo, M. Electrochimica Acta 18, 163 (1973)
. Mellor, J. A Comprehensive treatise om imorganic and theoretical

chemistry, Longmans, Green and Co, London (1952)

Hoberman, H.D., and Rittenberg, D. J. Biol. Chem. 147, 211 (1943)
Joklik, W.K. Australian J. exptal. Biol. Med. Sci 28, 321 (1950)

Joklik, W.K. Australian J. ewptal. Biol. Med. Sei. 28, 331 (1950)



115.

116.

117,

118.

119.

120.

121

122,

123,

124,

125.

126.
127.
128
129

130.

131.

Sisler, F.D., and Zobell, C.E. J. Bact. 60, 747 (1950)

Krasna, A., and Rittenberg, D. J. Amer. Chem. Soc. 76, 3015
o (19s4) | | -
Gest, H. = Bact. Rev: 18, 43 (1954)

Sadana, J.C., and Jagannathan, V. Biochim. Biophys. Acta 14,

287 (1954)
King, N.K., and Winfield, M.E. Biochim. Biophys. Acta 18,
' 431-(1955)

Peck, H.D., and Gest, H. VJ, Bact. 71, 70 (1956)

Sadana, J.C;, and Jagannathan, V. Biochim. Biophys. Acta 19,
440 (1956) R

Sadana, J.C.,. and Morey, A.V. Biochim. Biophys. Acta 32,
C 592 (1959) ‘

Sadana, J;C,, and Morey, A.V. Biochim. Biophys. Acta 50,
153 (1961) ‘ :

Sadana, J.C.; and'Rittenberg, D. Proc. Nat. Acad. Sei. U.S.A. 50,
| 900 (1963) |

Yagi, T., Hoﬁya, M., and Tamiya, N. Biochim. Biophys. Acta 153,
- 699 (1968)

Haschke, R.H., and Campbell, L.L. J. Bact. 105, 249 (1971)
Ackrell, B., and Asato, R.N., and Mower, H. J. Bact. 92, 828
(1966) o

Peck, H.D.  J. Bact. 82, 933 (1961)
Peck, H.D.  Proc. Nat. Acad. Sei., U.S.A., 45, 701 (1959)

Recommendations {1964) of the International Union of Biochemistry
on the nomenclature and chssification of enzymes,
Elsevier, Amsterdam (1965)

Green, D., and Stickland, L.H. Biockem. J. 28, 898 (1934)



132.

133.

134.

135.

136.

137.

138.

139.

]40.

141.

142,

143.

144,

145.

]46‘

147.

Peck, H.D. Bact. Rev. 26, 67 (1962)
Peck, H.D.  J. Biol. Chem. 237, 198 (1962)
Peck, H.D. - Biochem. Biophys. Res. Commun. 22, 112 (1966)

Péck, H.D., Deacon, T.E., and Davidson, J.T. Biochim. Biophys.
Acta 96, 429 (1965)

Postgate, J.R. Amn. Rev. Microbiol. 13, 505 (1959)
Khosrovi, B.; MacPherson, Rhona, and Miller, J.D.A.
Arch, Mikrobiol. 80, 324 (1971)

Postgate, J.R. In : Anreicherungskultur und Mutantenauslese,
' Schlegel, H.G. and Krdger, E., Editors.
Fischer Verlag, Stuttgart. '

‘Iverson, W.P. Applied Microbiol. 14, 529 (1966)
Sisler, F.D., and Zobell, C.E. J. Bact. 62, 117 (1951)

Postgate, J.R. Nature, Lond, 183, 481 (1959)

Stern, M., and Makrides; A.C. . Electrochem. Soc. 107,
782 (1960)

Chemieal Ehgfneers'Hundbook, R.H. Perry, Editor. McGraw-Hill,
~ New York (1963).

International Critical Tables, National Research Council,
- U.S.A. Vol V, McGraw-Hill, New York (1929)

Unhlig, H.H, In : Corrosion Handbook, H.H. Uhlig, Editor.
' Wiley, New York, General Tables (1963) .

Skrier, L.L. 1In : Corrosion, L.L. Shrier, Editor. Ne&nes,
‘London, 1.45 (1965)

Kolthoff, I., and Lingane, J. Polarography Vol. 2,

Interscience, New York (1952)



148.

149.

150.

151,

152,

153.

154.
155.
156.

157.

158.
159.
160.
161.
162.

163.

164,

HeyroVsky,fJ;, and Kuta, J. Prineciples of polarography,
Publishing House : Czechoslovak Acadamy of

Sciences, Prague (1966)

Maifonovskii, J. J. Electroanal. Chem., 6, 77 (1963)

Fisher, H.F., Krasna, A;I;, and Rittenberg, D.
J. Biol. Chem., 209, 569 (1954)

‘Brenner, M., Niederwieser, A., and Pataki,'C. In :

Thin-layer' chromatography, E. Stahl, Editor.
Acadamic Press, New York (1962)

Unpublisﬁed work, communicated by D.A. Sanan.

Harvey, K.B., and Porter, G.B. Introduction to physical
tnorganie chemistry, Addison-Wesley, London (1965)

Bolmer, P.W. Corrosion;'gl,‘69 (1965)

Iofa, Z.A., and Fan Lyong Kam, Zascita metallov, 10, 17 (1974).

Costello, J.A. South Afr. J. Sei., 70, 202 (1974)

Clark, W.M.. Oxidation-reduction potentials of organic systems,
- London, Bailliére, Tindall and Cox  (1960)

Michaelis, L., and Hill, E.S. J. Gen. Physiol., 16, 859 (1933)

Bockris, J. 0'M., and Cahan, B., J. Chem. Phys., 50, 1307 (1969)

Copenhagen, W.J. South Afr. Industrial Chemist, 8, 32 (1954)

Sato, M. - Electrochimica Acta 11, 361 (1966)
Ward, J.C..  Rev. Pure and Appl. Chem., 20, 175 (1970)
Hoar, T.P.  The anodic behaviour of metals, 1In : Modern

Aspects of Electrochemistry, No.2, J. O'M. Bockris,v
Editor. Butterworth, London (1959)

Stern, M. J. Electrochem, Soe., 102 (11), 609 (1955)



TABLE 1

Rates of penetration of iron and steel in various corrosive environments

Case No. ' Author ‘ - Incidence of corrosion ' Observed rate:  Calculated
' ' ‘ . mm per year . =2
pery z (WA em )

corr .

1. - Booth, Cooper and Cooper‘l9 Mild steel. Sterile de-aerated : _ _ o
' . bacterial culture medium 30°C. - 0,012 . 1,03
L : ' .18 : Mild steel. Water in equilibrium : _
2 ~. Cox and Roetheli - with air. 23°C. 0,220 18,9
3. LaQue*’ | Mild steel. Sea water 21°C. 0,254 21,3
4, ~* Booth, Cooper and Codper19 'Mild steel. Continuous culture
' Dv, vulgaris (Hildenborough)
30°c. : 0,636 54,6
5. Booth, Cooper and Cooperl9_ Mild steel. Continuous culture o -
’ ‘ Dv. vulgaris (Canvey Island) : -
30°c. | 10,957 82,2
6. ~ Bunker ' ' Steel water main in soil , '
: SRB present ' 1,129 S 96,9
7. _’Copenhagen’z' Steel sheet piling. Harbour
- water. SRB present ' 1,270 109
8. - Doig and-Wachter?3 Steel oil-well casing : : :
I SRB present 2,078 - . 178
9, B ‘Copenhageng _ Steel hull of trawler in bilge

water. SRB present 4,00 ' 343



Case No. Author - Incidence of corrosion ' Observed rate: Calculated _,

mm per year icorr(uA cm )

10. ~ Uhlig?®* ' ' Iron in 1-M HCI _ ‘
' SRB absent - 5,1 436
1. "~ Costello!® Mild steel suction piﬁe.
: Cape Town Harbour o
SRB present o 5,14 441

0 Mild steel condenser tube,

12. ~ Costello’
: : using Cape Town Harbour :
water. SRB present 7,62 : 654
13. ~ unlig?* | . Irom in 1-M HNO,. »
' ‘ : SRB absent ' 50,8 - 4362




TABLE 2

Environmental limits for growth of the sulphate-reducing bacteria

Redox | Salinity Hydrostatic
. Potential Temperature % w/v - Pressure
pH - Eh C N Cl Atmospheres
' o
4,2 - 10,4 0 - 65°C
-0,050 to
-0,300
Most commonly Most
commonly: 0,1 - 307% 1 - 1000
6,5 = 7,5 oe = asde

It should be noted that the salinity and pressure tolerances

of individual strains of the organisms are usually restricted to-

rather narrow limits.

L?v



'TABLE 3

CLASSIFICATION OF DISSIMILATORY SULPHATE-REDUCING BACTERIA®3: 54

Genus Desulfovibrio (Kluyver & van Niel, 1936; Postgate &-Campbell;'l966)

Non sporulating, Gram—negative vibrios, sometimes sigmoid or spirilloid;
occasionally straight. Obligate anaerobes with polar flagella showing
progressive motility. Mesophilic, sometimes halophilic. Contain
cytochrome-c3 and desulphoviridin and generally hydrogenase. Facultative
or obligate sulphate reducers; sulphate reduction is their respiratory
dissimilatory process. Habitats, sea water, marine mud, fresh water

and soil.

Species

Dv. desulfuricans (type species);.Dv. vulgaris; Dv. salexigens (salt
water species); Dv. gigas; Dv. africanus

Genus DesqubtomacuZum (Campbell & Postgate, 1965)

Gram-negative, straight or curve rods, usually single or sometimes

in chains; thermophilic types show lenticulate and otherwise swollen
forms. Terminal or subterminal sporulation, slightly swelling the
cells, Motile, with peritrichous flagella. Obligate anaerobes which
reduce sulphate to sulphide. Habitats, fresh water, soils geothermal
regions, certain spoiled foods, intestines of insects and in rumen
contents of ruminant animals.

Species

Dv. nigrificans (thermophilic, opt. temp. 55°), Dv. orientis (mesophilic,
opt. temp. 30 - 379); Dv. ruminis (mesophilic, opt. temp. 37°9).



TABLE 4

ANALYTICAL DATA OF VON WOLZOGEN KUHR AND
VAN DER VLUGT®4 QUOTED IN SUPPORT OF THEIR
PROPOSED CORROSION MECHANISM

TOTAL IRON CORRODED QUANTITY OF IRON AS . RATIO
(mg) ~ AS IRON SULPHIDE TOTAL Fe
(mg) - Fe as FeS$
10,6 - S 3,9 2,7
9,8 | 3,0 | 33
12,6 |  .3;$ﬁ1 o R
13,6 40 3,4
_39,3v’ 16,0. | o é,s
26,6 | | 11,1 ','2;4
52,3. N 19,7 o 2,7
5,7 . 1,8 3,2
6,5 - ) 2,4 N 2,7

4,6 - : 1,8 o 2,6




TABLE 5

CORRELATION OF HYDROGENASE ACTIVITY WITH

CORROSION RATE FOUND BY BOOTH AND WORMWELL?2

ORGANISM

HYDROGENASE ACTIVITY
ul/hr/mg dry wt

CORROSION RATE
mm per year

Dv. desulfuricans

America

Dv., desulfuricans

Teddington R

Dv. desulfuricansi

Hildenborough .

Dv. desulfuricans
Llanelly

strain

strain

strain

strain

30

140

240

340

0,009
0,019
0,025

0,031




TABLE 6

DATA OF KING, MILLER AND SMITH’® FOR CORROSIVITIES
OF VARIOUS SULPHIDES OF IRON

COMPOUND . CORROSION PER MOL CORROSION PER MOL  MOLAR %
SULPHUR IRON SULPHIDE SULPHUR
mg Fe/m mol mg Fe/m mol
Pyrite, FeS, 61,53 123,06 67
Greigite, FesSy 12,53 50, 12 57
Smythite, FesSy 19,51 78,04 . 57
Mackinawite, Fe1+xSA 10,08 10,08 ca 50

Pyrrhotite, Fel_xS : '_ 6,39 6,39 ~ ca 50




TABLE 7

Reaction ‘ Description ' AG
(1) . SO; + l+H.2 > s 4+ 4H10 | Reduction of sulphate by hydrogen taken . .
' up by hydrogenase system of SRB : -123,1 kJ
(ii) ZZCESCHO H CQ; + SQ? > Reduction of sulphate with lacfic acid
Zcﬂaco; + 200 ‘s 4 ZH;O as hydrogen donor, practised by SRB - -130,8 kJ
:(iii) 4Fe + 'SO: + 4H20 - The von Wolzogen Kuhr - van der Vlugt
3Fe (0H)2 + TFeS + 20H equation (4.10) | -525,6 kJ
(iv) -80: + B - 80: + HO " Reduction of sulpha;e to sulphite byr
molecular hydrogen - +7,74 k3
(v) SO: + 3H£ + 5 +'3H20 Reduction of sulphite to sulphide by

molecular hydrogen -130,9 kJ

AG: values of all chemical species above other than CH&CHOHCO; (aq) and CH3C0; (aq) were obtained from

Handbook of Chemistry and Physics (1970)100. Values for CH5CHOH Co; (aq) and CH3C0; (aq) used are those

of‘Burton and Krebsl°l.



TABLE 8

TRANSFER COEFFICIENTS, o, FOR VARIOUS HYDROGEN

EVOLUTION MECHANISMS AND CORRESPONDING

ANTICIPATED TAFEL SLOPES '

MECHANISM

TRANSFER COEFFICIENTS a
ASSUMING B = 0,5

TAFEL SLOPE,

RT o
L AT 257°C

Discharge step
rate—determining,
followed by
chemical desorption

Discharge followed
by rate-determining
chemical desorption

Coupled discharge-
chemical desorption

Discharge step

- rate-determining
followed by electrodic
desorption

Discharge followed by
rate-determining
electrodic desorption

Coupled discharge-
electrodic desorption

0,5

2,0
0,5
0,5
1,5

0,5

0,120 v

0,030 Vv

0,120 v

0,120 V

0,040 V

0,120 v




TABLE 9

. Age Em Eh Eh (pH=7,0) P

_CultureA - (days) \Y \' pH \' °,
WVB 5 -0,380 -0,138 6,48 ©-0,169 5x107¢%
WVB 8 -0,312 -0,070 6,85 -0,079 5x10760
BS 6 A -0,330 -0,088 6,65 -0,109 5x107%2
BS 6 ~0,405°  -0,163 6,50 ~0,193 2,5x10767
BS 7 _ -0,338 -0,096 6,70 -0,114 5x107%2

Em = potential (V) versus satd. KCl - ca‘iomel

Eh = potential on hydrogen scale (satd. KCl - calomel at 25°C = 0,242V)

Eh(pH 7,0) = calculated potential at pH = 7, assuming %’FI'_ = 0,060V,

po' = partial pressure of 0, calculated from the Nernst relationship

2

(E=1, 23- 0,060 pH + 0,015 log p

2

+
0, + 4H + e =,2H20, at pH =

7,0

o ) for the equilibrium



| TABLE 10

Total sulphide species content [S‘] and pH characteristics of
cultures of Desulfovibrio sp (BR), cathodic polarization curves

for which are given in Fig. 68.

Culture ‘ ' . pH {S']
A - 6,80 ' : 0,0086
B | 6,40 0,0236
c 6,50 | 0,0250

D 6,45 0,0263



. TABLE 11

A comparison of data for the cathodic discharge on pﬁre

iron of the species H,S, H,0" and H,O.

Species pH bc io
V) (uAcm )
P, = 0,23 atm; [HS}= 7,3% - 0,065 1,8 x 107
2
P, = 0,3 atm; [H 6,17 0,070 5 x 102
2 .
| o |
P, = 0,28 atm; {HS"= 102 525 0,120 4
2 o J
T
P, ¢ = 0,16 atm; (H =10 5,50 0,115 3
2 - J :
P, ¢ = 0,10 atm;|HS "= 107° 5,69 0,110 8 x 107"
2 o ' o
Py g = 0,058 atm; (HS-] 10° 5,94 0,120 5,5 x 10"
2 .- i
Ho' 1 - 10
+ . . :
H30 - .3,6 0,113 1
H,0" 4,5 - 3x 10"
H, 0 3,6 0,140 1 x 10

Data for sulphide-containing solutions are those of Bolmer154,
and were determined in a 0,5 E‘Na2804.supporting electrolyte.
Partial pressure (pH S) values are those of H § in a mixture with
pure nitrogen gas inzequilibrium with the electrolyte. The Tafel
b, values indicate differences in reaction mechanism for the

various concentrations of sulphide species.

+ . . .
Data for H3O and H’O species are those of Bockris, Drazic

'Despicl°6 for pure iron in 0,5 E_Na2804.



TABLE 12

Hydrogen absorption coefficients of cells of Desulfovibrio

separated from cathodically active cultures (Figs. 74 - 76).

- BZV
~ Gulture - QH,
oL , ,

ul/h/mg dry wt of cells

Desulfovibrio vulgaris .
(strain Hildenborough NCIB 8303) 259

Desulfovibrio ep
(strain ND) o | | 661 
Desqubvibrio ép

(strain WVB) 201



" TABLE 13

- Anodic Tafel slopes (Ea‘) for mild steel in 0,024 "~

' NaCl with sulphide additions at pH 7,40,

o oo

10 0,029
107 T 0,035
ot . - 0,051

100 . 0,057 .



6.2.

APPENDIX : CHAPTER 6

All growth média listed below were supplementedeith 2,572 W/V

of NaCl, A.R. for the growth of culture Desulfovibrio sp. "WVB".

Sterilization Procedures

All media and some of the dry glassware used were sterilized by .
autoclaving in steam at 103 kPa (15 pounds per square inch) for
15 minutes. Other dry glassware was oven-sterilized at 160°C

for 2 hours.

Transference of colonies from solid to liquid media was conducted
in a hood sterilized by ultra-violet irradiation from a mercury
vapour lamp. Irradiation was switched off during the operation.

.. 56
Baars' Medium

g pe'r"dm3 of distilled water

KH PO | A.R. - | 0,5
2 4 ) . _
NH C1, A.R. | , 1,0
CasO,, A.R. | , 1,0
M SO .7H O, A.R. 2,0
4 2 :
Sodium lactate (707 solution) .. 5,0

Mohrs' salt, (NH ) SO FeSO . 6H O, A.R. 0,5
472 4 4 2 -



Immediately Before inoculétion, sterile Na28.9H 0 solution waé
added to givé a concehtration of 0,5 m g_and the pH adjusted by
dropwise a&dition of sterile 10% W/V sodium h&droxide éolution,
to values between 7,2 and 7,4. |

o 138
Postgate's Isolation Medium

g per dm® of distilled water

KH PO, ,,A.R, | | 0,5
NH C1, A.R. . : 1,0
Na SO , A.R. | - 1,0
274
MgSO . 7H O, A.R. ' 2,0
Sodium lactate (70% solution) 5,0
cacl .2H 0, A.R. ' 0,1
2 2 ,
\ ,
Mohr's salt (NH4)2SO4FeSO4.6H20, A.R. 0,5
sodium ascorbate ' 0,1l
sodium thioglycollate 0,1
yeast extract . : 1,0 2
agar, "Bacto" _ ) 10,0

The medium was always’prepared.freshly on the day of use, and
immediatelyvbefofe inoculation, its pH was adjusted to values
between 7,2 and 7,4 with sterile 10% W/V sodium hydroxide

solution.



‘ 139
6.4, Iverson's Agar Medium

Iverson's "TSA plus salts" medium containing lactate was

employed.
g per dn_of distilled water

Trypticase Soy Agar ' 40
Agar "Bacto" : 5
sodium lactate (70% solution) 5
MgSO4 .7H2 0, A.R.’ : 2 _
Mohr's salt, (NH ) SO FeSO .6H O, A.R. 5

42 4 4 2 .

The medium‘was prepared freshly on the day of use and its pH

was adjusted to values between 7,2 and 7,4 after autoclaving.

6.5. Contaminant Testing

(a) Aderobie tests

Postgat:a38 recommends any nutrient agar containing glucose
N ’ . - . *
and peptone for this purpose. A medium recommended by Miller

was used.

* Personal communication : J.D.A. Miller



g per de of distilled water

Bacto—peptone ’ 5
Yeast'éxtraét ; : ‘. | 4
;Glucose- o - . 10
Agar - .15
Na,so, | ‘1,4
M SO,.7THO - | 1,2

Plates of this medium were poured in Petri dishes and
inoculated from the purified cultures using a platinum

wire loop.

(b)  Anaerobic tests

138

The medium recommended by Postgate was eﬁployed :

, .
g per dm of distilled water

Bacto-peptone 4

Glucose o 10

Na S0, A.R. 2

MgSO,.7H 0, A.R. : !

(NH,) SO Fe$O .6H 0,A.R. 0,5
4’2 "4 a2

The medium, with its pH adjusted to values between 7,0 and

3 test tubes.

. . 3 L, .
7,6 was dispensed in 10 cm quantities into 20 cm
Inoculation was performed before setting of the agar (at a

temperature of 40°C). A loopful of the culture to be tested ( in



6.6.

6.7.

2 mm diameter'platinum wire loop ) was plunged to the bottom of the
agar in a tﬁbe,and then successively into 3 other tubes, thereby |

diluting the inoculum.

Tubes and agar plates thus inoculated were incubated at room

temperature, at‘30°C, and at 37°C.

. +q. 14
Postgate's Test for Desulfoviridin

o3
A 10 cm quantity of culture was centrifuged and the cells

resuspended in 1 C“B of distilled water. One drop of 207 W/V of

sodium hydroxide solution was added and the suspension inspected

at once under ultra-violet irradiation at 365 m pin a darkened room.
All of the putative Desulfbvibrio cultures were examined_in‘this
way. A brilliant red flﬁorescence was exhibited in all cases
(varying iﬁ'intensity for the different cultures), confirming the
presence,of desu1foviridin pigment and the identity of the |

organisms as Desulfovibrio species.

98
The Medium of MacPherson and Miller

The medium of MacPherson and Miller, modified by the addition of

0,1% yeast extract was used :



g per_dn? of distilled water

Sodium lactate (702\s01ution)‘ 16,0

KH, PO, , A.R. » 0,340
NH,Cl, A.R. - : , o 0,535
Na,SO,, AR, - 7,100
MgSO, .7H,0, A.R. 0,062
caCl,, A.R. . S 0,055
Yeast éxtraq; v | | 1,000

Immediétely prior to inocﬁlétioq; sterile FgSO4.7H20_solution was
added to give_a’cdncentfation of 25 pM, and sterilé Na,S.9H,0
solution to;a concentrétion of 0,5 mM. The pH waS’édjusted to
values between 7,2 and 7,4 by addition of sterile 107 w/v sodium

~ hydroxide solution.



APPENDIX : CHAPTER 7

Wenking
Control véitaée range * 2V
Response time  ' - 1076 S
Circuit voltage + 15V
Current output t 0,54
Tacussel
Control voltage range ) x 5V
Circuit voltage + 20 Vk
Response time 2~-3x107% s
Current output ' 2 A
Control | .2 = 3 mV
Opam
Control voltage range + 1,5V
Rise time - 10712 s
Circuit voltage ' % 15V
Current output _ 0,5 A

Control sensitivity B < 1 mV



APPENDIX ¢ CHAPTER 9

The determination of sulphides in experimental cultures

. *
A method, based on that described by Belcher and Nutten using
standard arsenite and iodine solutions, was used. The reactions

are

As2 ,03 + 3H25 ————> A5253 + 3H20

and
As, O, + 2I, + 5H O ————> 2HAs O, + 4I + 8H'
5% 2 2 - S51%%
' . | . 3
A 50 em quantity of 0,025 M As O, solution was mixed with 50 cm
of centrifugate of the culture in a 250 cm volumetric flask. The
solution was well-mixed, acidified with dilute HCl and made up to
the mark. The excess arsenious oxide was back-titrated by filtering
the resultant solution to remove the As, 8, precipitate and titrating

3 . . . o . .
100 cm” aliquots with 0,1 M iodine solution using starch indicator.

* Belcher, R., and Nutten, A.J., Quantitative Inorganic Analysis,

Butterworth's, London (1960), p 277.



"APPENDIX : CHAPTER 10

The determination of hydrogen absorption coefficients

Hydrogen absorption coefficients were determined by measuring
hydrogen uptake in the Warburg respirométer. The instrumenf used
was a rotary-shaking assembly (model V85) manufacfured by
B. Eraun Apparatebau, Melsungen, equipped with factory calibrated
manometers and. flasks. Experiments were conducted at 30 - 0,01 %,

and the reducible substrate was benzyl viologen.

Thé 15 cm’ cell suspension was removed from the anaerobic jar
(in which it‘had been stored under hydrogen at d)C) and bubbled with
hydrogen for a period of 5 ming;es.v Dﬁplicate'manometers were
prepared for each cell sﬁspension. 0,5 cm3 of cell suspension was
placed in the body of the flask and 0,3 cnﬁ of bénzyl viologen
solution (0,1 M in tris buffer, pH 7,0) in the side arm. A solution
of 207 w/v of KOH (0,2 cn? on a filter paper support)_was“used in

the centre well as absorbent for any CO, or st formed. The manometer/

' flask assemblies were completed and the whole swept with H, gas for

20 minutes. Thereafter the system was sealed and placed in the water

bath.

After a 30-minute equilibration period, manometers were tilted to

mix cell suspension and reducible substrate, and shaking commenced.

Readings were taken at intervals of one minute. ~ The mean of

duplicate hydrogen uptake values for each culture (with thermobarometer



corrections) was plotted against time for each cell suspension, and
hydrogen absorption coefficients determined from the steepest portion
of the resultant curve. Hydrogen uptake curves for the four cell

suspensions prepared are given in the diagram overleaf.

Cell suspension dry-weight determinations were performed by
washing the cells in the remaining 14 cn? of cell suspension by
re-centrifuging and washing six times with distilled water, re-
suspending the cells in 14 cn? of distilled water and drying 5 cn?

aliquots of the suspension to constant weight at 105°C.



" 'APPENDIX : CHAPTER 1}

'DETERMINATION OF THE SURFACE AREA OF CORROSION PRODUCTS

Experimental Method

Sulphide corrosion products are sensitive to oxidation on exposure
to the air, aﬁd care was taken to prevent this during the deter-
mination. The corroded pipe had been freshly removed from the
harbour when the corrosion product was sampled; The corrosion
product was removed from the pit ﬁsing a clean nickel spatula, and
was placed under a sqution_of 0,01 M sodium sulphide in‘a screw-—
capped bottlé with a rubber seéi. Tﬁe sample was then transferred
to the 1abpratory. The corrosion product was separated off from
thé solution and washed using nitrogen pressure filtration in a
Sartorius SM pressure filtration apparatus fitted with a 1,5 um
pore-diamefér membrane filter. The'distilled water used for
washing was contained in a separating funnel and was continuously
purged with a stfeam of nitrogen. The Qater was added to the
filtration chamber against a positivg pressure of nitrogen. In
this way, the precipitate was washed with 1 dm’ of distilled water

. 3 .
in 100 cm quantities.

The wet sample was transferred to the 100 én? size flask of a
Strohlein Surface Area Meter and dried by heating in a nitrogen

stream at 150°C for 2 hours. The nitrogen adsorption principle



is based on the use of two glass adsorption vessels of the same volume,
one containing the sampie while the other remains empty. Both
vessels are filled with nitrogen at ambient temperature and pressure.
Tﬁey are then connected to the different manometric apparatus and
cooled by immersion in liquid nitrogen. The adsorption of ﬁitrogen
on the sample results in a pressure difference between the flask
containing the sample and the empty onme. This pressure difference

is indicated on the differential manometer which is filled with

coloured dibutyl phthalate.

The principle of calculation of the surface area from this reading

on the Strohlein apparatus ($tr5h1ein and Co., Dusseldorf) is that

(1) * . ) .
developed by Haul and Dumbgen . The following data are required
m = sample mass (g)
Ah = ' pressure difference on manometers

(mm dibutyl phthalate)

Pg = filling pressure (atmospheric pressure, mm Hg)
From Ah and pB , the equilibrium pressure p is first calculated :
p = Cp - CAah

where ¢ and G are apparatus constants. Using p, the specific

surface area (sg) is then obtained as

2,1 x 10° (785-p)Ah (K + K .p)
Sg = m

where % and K. are apparatus constants. For simplicity, this
2 .

expression may be transformed to

* Chemie — Ing. — Tech. 32 (5), 349 (1960)



. A.Ah
Sg = m

where A is a constant which may be obtained from a nomogram

supplied with the apparatus

A = (785-)(K +K .p) x 2,1 x 10,

For the purposes of the present determination, the apparatus was
calibrated using a sample of carbon black of known specific surface

area supplied by the manufacturer (specific surface area =

106 £ 2dg™).
Results
1 2 3 4
Carbon Carbon Corrosion Corrosion
Samplg Black Black Product Product
Mass (g) 0,3462 0,3697 1,0222 1,0222
P, (nm Hg) | 648,97 648,71 648,20 651,26
Ah (mm) 253 271 96 90
A 0,1486 0,1489 0,1467 0,1465
Sg(m’g ") 108,6 109, 1 13,78 12,90

' . 2 -
Mean surface area of corrosion product = 13,3 m'g .

1
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FIGURE 3
Schematic depiction of the anticipated free energy vs. distance
ond potential vs. distance relationship for an electrode/electrolyte
interface. The electrical work of activating the ion is determined
by the potential difference across which the ion has to be moved
to reach the top of the free energy vs. distance relationship



FIGURE 4

ivs relationships for an electrode system undergoing excursions
from equilibruim state. The low- field approximation resulting in a
linear i vs m relationship holds at small 7) values (between dotted

lines, marked (a) ). At larger values of 7) the exponential high- field
approximation holds
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FIGURE §

Results of an electrochemical polarization experiment
enabling i and a to be determined
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FIGURE 6(a) ,

Critical coordinates of electrode systems z"'+ ne=2
and M™ +ne=M

R ‘\'(\\e

log I, log I,
logI

FIGURE 6 (b)
Interaction of the anodic dissolution of M with the
cathodic reduction of Z"*. Lines a b and cd may be
found by polarization experiments and Ecorr,icorr
may thus be determined
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FIGURE 7(a)
Concentration polarization at the cathode where

lcorr = id,l

E corr

l0g icorr

log i

_ FIGURE 7 (b)
Concentration polarization at the cathode where

Tcorr < ld,



: logicorr ¥ loQicrit

log i

FIGURE 8(a)
Anodic polonzotlon of ‘metal to be passivated beyond coordinates

icrit and Ep causes passivity characterized by very low anodic
current, constant over a range of passive potentials. Far anodic

polarization causes a current increase caused by the anodic
oxidation of water, liberating oxygen.

Ecorr
E |
|\
|
]
[ >9
! : |
! . ! .
ylogicorr , logicrit
log i
FIGURE. 8(b)

A chemical oxidizing agent active as a cathodic reagent (with
critical coordinates, E®i,, at point x) may polarize the corroding
metal to potentials at which passivity occurs.
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FIGURE 9

pH vs potential data for environments favourable to

SRB activity. Shaded zone represents coordinates

of pH and redox potential within which sulphate-—
reducing bacteria are active
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FIGURE 10

pH-potential regime (shaded area) favourable
to SRB growth superimposed upon Pourbaix
pH vs potential diagram for the Fe -H>0
system. Lines on Pourbaix diagram are for
eqiulibrio involving 10" M metal ions
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FIGURE {4

Combined Pourbaix diagrams for systems
Fe-H0 and Fe -S - H20. Hatched area
corresponds to stability domain of FeS
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FIGURE {2

Potential -time results of Hadley®7



log i

_ FIGURE 13
Positive shifts in corrosion potential (E¢opr) will result from
either a change in mechanism of the cathodic reaction giving o
diminished Tafel slope,inersection point (@),or from an increase inio for
the cathodic reaction,intersection point(b). Negative shifts in corrosion potential
can only result from an increased (steeper) Tafel slope for the cathodic
reaction,or from accelerating influences on the anodic reaction
(a decreased Tafel slope or an increased io )
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FIGURE 14

Potential - time results of Wanklyn and Spruit®8 (II) and
those of Hadley (1)67

A inoculation time
B time of addition of lactate
C time of addition of lactate or hydrogen sulphide
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Current mA /dm2

-

FIGURE IS5

Anodic and cathodic polarization curves recorded
by Horvath and Solti7° for mild steel electrodes
in SRB cultures

e sterile medium
0~0~0-0 4 days after inoculation
it 6 days after inoculation

During the corrosion potential drop phase (as re-
corded by Hadley) depolarization activity increases
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FIGURE 16

Anodic and cathodic polarization curves recorded
by Horvdth and Solti70 for mild steel electrodes

in SRB cultures.
—o—e—0— 8 days after inoculation
—0—0—0—20 days after inoculation
—aA—aA—a— As above, after 24 hours aeration
During the corrosion potential rise phase (Hadley),
cathodic depolarization effects decrease.
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FIGURE 17

Cathodic polarization curves recorded by Booth, Robb
ond Wakerley®for mild steel in Dv. desulfuricans (Hil-
denborough) culture in minimal iron

0~0=0-0~0"  initially

X=X | day after inoculation
=0-0-0-0 |Sdays after inoculation
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FIGURE 18
Cathodic polarization curves recorded by Booth, Robb and

Wakerley8C for mild steel in Dv. desulfuricans ( Hildenborough)

culture. Minimal iron medium changed to iron-rich medium
during experiment

A IS days minimal iron

B 2 days after changing medium to iron-rich
C 7 days after changing medium to iron-rich
D 33 days aofter chonging medium to iron-rich
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FIGURE {9

Cathodic polarization curves recorded by
Booth, Robb and Wakerley8 for mild
steel in Dt. orientis culture in iron-rich
medium.

initially

after | day

after 5 days

after 29 days

o0 ®>»
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FIGURE 20
Cathodic polarization curves recorded by Booth, Elford and
Wakerley8! for mild steel in a culture of Dyv. desulfuricans
(Teddington R) in sulphate - free, fumarate - containing medium
0 initially
X after 2days

A after 7days
0O after IS5 days




40 80
Current density 1L A/cm2

FIGURE 2|

Cathodic polarization curves for mild steel recorded by
Booth, Elford and Wakeriey8' with electrode in static
sterile suspensions of FeS in 1% (w/v) NaCl

0

X
a
a

without FeS
with 0,6m M FeS
with I,2m M FeS
with 5m M FeS
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FIGURE 22.

Sketch of the cathodic compartment of the polarization cell
used by Booth and Tiller 86
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DESULFOVIBRIO
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Time — Minutes
FIGURE 23.

Current density ys time curves, produced by Booth and Tiller88 for mild steel electrodes
held at potentials of -0,65V,-0,75V,-0,85V, and 0,95V (she) in suspensions of Desuifovibrco

cells of various hydrogenase activities, containing benzyl viologen



-0-95v(N.H.E.) -0-95v(N.H.E).
i75 [ no added electon acceptor 125 with Benzyl Viologen
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FIGURE 24.

Current ys time curves recorded by Booth and Tillereefor mild steel
electrodes held at a potential of -0,95V(she) in suspensions of

Desulfotomaculum ceiis (hydrogenase negative) with and without

benzyl viologen additions
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Fe EH- BZV
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Yo Ho E
"FIGURE 25

- Mechanism of depolarization proposed by Booth and Tiller®s,

in which the enzyme removes atomic hydrogen from the polarized
electrode and reduces benzyl viologen :
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Current density 1LA/cm?

a) Cathodic polarization curves for pure Fe in suspensions of

clostridia. O, Sterile buffer control ,®,Cl.roseum;V  Cl.pasteur-
ianum ; ¥, Cl. butylicum; O , Cl.sporogenes ; 8,Cl.butyricum ; X,Cl. felsineum

-045

1 1 1 1

-0'85

0. 40 , 80
Current density (LA/cm

b) Cathodic polarization curves for pure Fe in suspensions of

nonphotosynthetic bacteria
0, Sterile buffer control ; ®,Ps.stuzeri; O,Pa.denitrificans ;

B,Pa.halodenitrificans; V,Ps.maltophilia , ¥,Ps.aeruginosa,
X, Chr.violaceum

FIGURE 26

Cathodic polarization curves recorded by Mara and Williams®7 for pure iron in
suspensions of various bacteria in the presence of methylene blue.All organisms
were hydrogenase - positive excepting Cl.roseum and Ps.stuzeri. '
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FIGURE 27.

Polarization curves recorded by Mara and WilliamsS2 for

pure iron electrodes in contact with samples of various
sulphides of iron
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Sorhen H2 _Acetate CO,,H,0
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a) Scheme illustrating the classic theory of cathodic
depolarization by the sulphate-reducing bacteria

2-

— S

Sulphate
Carbon

J—» s2°

source Acetate C02, H,0

ron anode
| &

b)Scheme illustrating the proposed mechanism of
corrosion by the sulphate-reducing bacteria

Bacteria

FIGURE 28

Models proposed by King and Miller®”to describe classic

mechanism of cathodic depolarization and their own scheme
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hydrogen
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electrons
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reduction F——%—roq
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Hydrogenuser
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FIGURE 29

If sulphate acts as a sink for both cathodic charge and

metabolic charge, cathodic depolarization and oxidative

metabolism will compete with one another for the sulphate -
reduction system
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FIGURE 30

Evans—-type corrosion diagram for iron corroding in water in the presence of
hydrogen ion. Points @ are exchange current densities for H30+ + e = %Hz
equilibrium determined by Bockris, Drazic and Despic !°% for pure iron.
Cathodic Tafel (solid) lines have a slope of 0,12 V per decade of current.
Hypothetical exchange current densities for Fe?* + 2e = Fe (marked &) are
within the range established by Bockris, Drazic and Despic and plotted at the
EO for this reaction. An anodic Tafel slope of 60 mV per decade, consistent
with their results is employed (dotted lines). The currents associated with
SRB corrosion are typically greater than 102 p Acm™2 and are thus only likely,
for iron corroding with hydrogen evolution as cathodic reaction, at a pH of 3
or less. The rate-determining step in the cathodic part of the corrosion
reaction is the discharge of H30+ or H2O to produce H s At neutral pH,
where SRB are active "H removal" mechanisms will not affect the corrosion
rate. Some other mechafism must be responsible for the corrosion rates
caused by SRB. ‘



P 2H
Oxidized : Reduced
ferredoxin or ferredoxin or
flavodoxin flavodoxin

Cytochrome - C5(Fé’") Cytochrome -C 5(Fe™")

ATP -
soi- \ \> APS +23 SQZ" +6e SZ—

PPi —= 2Pi AMP

FIGURE 3l

Schematic summary of sulphate-reduction pathways produced

by Roy and Trudinger3® Possibly ferredoxin or cytochrome-Cy

may be directly reduced at corrosion cell cathodes and sulphate
reduction may accompany this, but such a process would interfere
with the metabolic electron sink role of the sulphate-reduction system .
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FIGURE 32

Series of stab tubes containing successive dilutions of colonies.
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FIGURE 33

The method used for isolation of pure cultures
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i T ' Réforence
Electrode
Working ‘ Counter
Electrode Electrode
FIGURE 39

Diagram of the basic components of a potentiostatic circuit.

The potential between reference and working electrodes is

compared (S) with the potential tapped from a reference supply (R).

The error signal is amplified (T) and generates a current measurable

at (A) between counter electrode and working electrode such as to
minimise that error
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FIGURE. 40

Potentiostatic control circuit. The operational amplifier employed was a
Philbrick Nexus SQ410a. Dotted area represents electrochemical cell
containing working electrode (WE),reference electrode (RE),and counter

electrode (CE).



WORKING ELECTRODE
ASSEMBLY

GAS PURGING DEVICE
ADJUSTABLE FOR ELECTROLYTE-
AND HEAD SPACE PURGING.

POINT OF INSERTION
OF SATD. KC{-CALOMEL
ELECTRODE.

REFERENCE ELECTROOE
PROBE WITH CAPILLARY
TiP (KCl-AGAR FILLED)

CIRCUMFERENTIAL PLATINUM
WIRE COUNTER-ELECTRODE

JACKET FOR RECIRCULATING
TEMPERATURE - CONTROL
WATER.

L7 '
I\ { / b
N vy
Y i
5
il
f‘\oun.ET SEALED WITH
‘ SCREW-CLAMPED PVC
TUBING.
FIGURE 41 POLARIZATION CELL
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FIGURE42 WORKING ELECTRODE ASSEMBLY
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lacquer o o

HHmm

U7 | | surface of metal electrode
exposed to electrolyte

FIGURE 43
Working electrode showing application
of nitrocellulose lacquer

(not to scale)
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Log ig) data from figure 44 plotted against pH.
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FIGURE 46.

mAcm-2

Preliminary cathodic polarization curves for cuitures

(a)
(b)
(c)
(d)

BR 6 day old
WVB 4 day old
DB 8 day old
HIL 8 day old
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FIGURE 47.

Cathodic polarization curves showing retention of depolarizing
activity of cultures in cell-free centrifugates.

a BR Culture 12-day old.
(b) WVBCulture 8-day old.
(c) DB Culture 4-day oid.
(d) HIL Culture 4-day old
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FIGURE 48

Time dependence of culture pH values



24N}|N2 T|H Ul pup
san|pA Hd SNOWIDA }D WNIPIW 3]148}S Ul PapPI0dal §9AIND UOI}DZIID|Od 21pOYD)

6v 34N9I4
Z-Wo yuw
G P ¢ 2 |
1 | 1 1 |
—oo0zI-
ooll-
=X
— X — -
X
006~ (ays)
AW
008-
GEe'9 Hd ‘@unynd JIH X X X 00.-
2v'G Hd 00O
OL‘'vY Hd mEm 009-
02'¥ Hd 000
006-




uebAX0 JO 9oUesSqGD pup 8dcuesesd ul
‘WNIPOW ©]1JOIS Ul PUD SINYND GALOD UD Ul PBPI0DDI SBAIND UOHDZIDIOD d1POYID)

0S 3HNOIL
2-WI yw
1 4 € Z
' ' ' T 00z2I-
00} ] fng
T
S 000I-
006-
008- (eys)
AW
00L-
- 009-
gg‘9 Hd ‘anynd |4 mEe
2'L Hd ‘wnpew ojueis 99.3-uabAxo X X X ;
2%, Hd‘wnipew ajseys pe4pinips-usbAX0 0 0 O 00G- .

o0ov-



pepI0d0. |98)S pji 10j $OAIND UOI}DZIID|Od JIpDYIDD jO sjojd diwyjlapbojiwes

wnipaw yjmoub ul

16°38N914

2-wo y7l Boj
e

wnipew peipinibds - uebAxO B Ea
wnipow 904} - UBAXD X XX

|

002I-

OO0lI-

000I-

006-

008-

004~

009-

006-

00¢%-

(oys)
AW



“eIpoW aji4als
pue saoyis0 Bulweyy seb ‘aiemsse|b ajua)s Buisn ‘pooy jeo1Bojolieoeq B Ul PR}ONPUOD
sdajs ||y "eldjoeq Butonpal ajeyd|ns Jo (;wp g°L) saunynd ying Bunenoour jo poylew

¢S 3HNOI4

(30,0 1V ATvnsn)
NOILVENONI 304 AQV3Y¥ 34N1IND

s3788N8 div ON

AN

SN

¥38ENY H1IM SNOSINIW
dv0-M3¥0s/ X3ANOD
WNINIWNTY !

‘| d31S NI d3SN SV 3WVS
-WNIG3N dn 9NiddOl

Wiyg

ONITV3S ‘¢ d3l1S 0l dn 9NII4 "2 4318

—_—

J

(SAW 69)
WNIQ3W

aindin
37¥3ls

ONIXIW

-————

HONOYOHL

34n1IN0

¥I1ng SV WNIG3W
3AVS NI 39NLIND
Hl0¥8 SNOYOSIA 40
g¢Wd 001 : WNTINJOONI

/

371104
cwp ¢’|
034V M3YOS

NOILVINOONI | d31S



‘°an§Ind |H ul |88iS PIIN

40 |Dljudjod uoIS0410) PUD‘Hd ‘Aysueqg (po13dO 8AIIDI®Y 9y} 0 8BD yjIm UOIDIIDA

€6 3H¥N9OId
(sinoy) by
08 09 (9] 4 02
V v |} I
¢
- 006~
Iotsusjod \x/* 402 4¢0
U0I804.0) a?\x
Hd X {oot-
4s'9 40l
—00¢-
‘KusueQ
Ipoydo 40'9 4¢'|
(oys)Aw  Hd  Apsuep |poydo

OADIY



(€6 614 w papiodas
94D 9say} Joj Dop Hd pup pyudjod uoysoll0d ‘Ayisusp |pa1ydo) sabp
JuBJaplp O 1|H 4O sainynd U0}  paplodas  SaAINd  uolpziipjod JIpoyipy

G 34NOI4

S b S A S _
J‘

T 0]0rA oy

00lII-

000I-

006 -

008 (ays)
AW

004 -

-y 0000
b 111 009 -
g2 X X X X
G'LI 0000 |
(sinoy) eby 00S -

00t —



PG ®unbi4 Ul sD ‘ sabp juasBiyp 4O J|H 4O saunynd 1oy
papJodes seA.nd uolpzubjod  Jlpoyipd jo  sjojd  dwypapbojiweg

GS 3¥N9I4
5 Wo v boj
¢ 2 o 0
1 I I I
00Il-
000I-
Q06-
008-
(9ys)
AW

00L-

009-

Y] | . 005-
' 4 4

g2
gLt
(sanoy) oby




NYND GAM 0} 8AIND UOIDZIAD|Od 21pOYLDI JO joid dIwyiiipbojiwes

‘96 "34NoOId
-wd y7760]
°) 4 ¢ e |
I I i | 1
0O0ll-
000I-
006-
008-
(oys)
AW

009-

006G-

8nynd P10 ADpS X X X
wnipew 8j14e48 000 —00¢-




HE 94n§|nd 10} 9AIND uol}DZIIDIOd 21pOY4DD O jo|d dwyilipbojIwes
'S 34N9(d
2-Wd v boj

*] 14 € 4
J / ! | Il

OOll-
000I-
006-
008-

(oys)
AW
00L-

009-

00G-

enjInd pjo ADp9 XXX ‘
wnipew o|lieys 000 —100¢-




§Q 94nynd 10} OAIND

uoyozupjod J1poYDd jo joid  dnwyDBoIWRS

8S JHNSId
5 -Uo v Boj-
£ 4 _ 0
T T T T
001 |-
101010 by
806~
008~
(9ys)
ooL- A

009 -

006G-

"eMyNd plo ADp-8 X X X
wnipew 8jlels 000

J00b-



9)DSA|DIP S}l PUuD 34N} N MHE jo
91DBNJIIUSD Ul |99)S PJIW 10} POPIOTS] SOAIND co_..outa_on 91poyinH

66 34N9I4
2-wo y 7/ Boj
S 14 ¢ r I
r T T T T
(010]] by
0001~
006-
008-
(oys)
AW
00L-
009-
owDs O 9}DSA|DIp vo:zoo..ov X X X 006-
©4n}Nd NG D 0 94pBNJIIJuUdd 8044|180 00O : .

010} 2o



SUOI}IPPD SWe}8Ad
INOY!IM PUD Yiim $BIDSAIDIP 94NYND Y|H W PEPI0ISs $OAINS uoypziojod dipoyio)

09 3uN9I4
2-Wo yw %
4 ¢ e |
| { I | {
ooll-
000!~
006-
008-
(9ys)
AW
00L-
—009-
2'2 Hd ‘auisisko m
ou ‘aunynd YH j0 eusApIg X X X — 00¢-
2°'L Hd ‘suigisko ul ,
W 20°0 aind Y jo sk 000 —lootb-




SUOI}IPPD BUIBISAD Yiim wnipew Yimoid ul pepiodes 88AIND UOI}DZIIDI0d J1pOYID)

19°34N914
2-wo y77 Bo|
S 1 4 e e I
f T T T T
— OOli-
x/ 000I-
X
006-
008-
(oys)
AW
00L-
] | X 009-
_ 2'L Hd o yjoq
ouie§sAd W 20'0 Yim wnipew o|1a9is X X X
wnipew e|j48is 00 O 006-




buffer,no Ni (I1)

------- buffer with added Ni (i)
—-eo—ue buffer with added Ni (II) 10°3M in cysteine

- buffer with added Ni(ll) 2xI0 M in cysteine
.=+ == buffer with added Ni(ll) 3x105M in cysteine
X—x—"buffer with added Ni (II)5xI0’5M in cysteine
g——0— buffer with added Ni(ll) 7x 10°5 M in cysteine
pr—vy—ebuffer with added Ni(il) | x |0™4M in cysteine
OO0 buffer with added Ni{ll) 5x 1074 M in cysteine l

——mui= buffer with added Ni(I) | x 10 Min cysteine ¢/ &

gp—p— buffer with added Ni(Il)5 x 10> M in cysteine /

40}

30 -

20 -

|

05 1,0 1,5 2,0
Vvs Ag/Ag Cl-MKCI| 0=+0,222 V vs (she)
FIGURE 62.

Polarograms recorded in Brdikas buffer 0,002 M in Ni (I1),
containing various cysteine additions. Typical catalytic waves

are visible at voltages between |,5V and 2,0V



buffer, no Fe (II)
------ - buffer Fe (II) added
............... - buffer 10°*M in cysteine

—————— . buffer 5xI0°*M In cysteine
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s0t
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05 1,0 1.6 2.0

VvsAg/AgCl-M KCI
0=+0,222V M she

FIGURE. 63.

Polarograms recorded in BrdiCka's buffer 0,002 M in Fe (II)
containing various cysteine additions. No catalytic waves are
present.



buffer, no Co{(ll) additions
-——=—=- buffer with added Co (I
— .- buffer with added Co (I) 10~5 M in cysteine

ersmeesessenene buffer with added Co () 2xI0™3 M in cysteine
—— buffer with added Co (I) 3xI0~5 M in cysteine

X—X— buffer with added Co (0) 5xI0™> Min cysteine
0—O— buffer with added Co () 7x10~5 Min cysteine
A—~A— buffer with added Co (0) | x 10”4 Min cysteine
O—0O— buffer with added Co () 5x10~4 M in cysteine
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FIGURE 64
Polarograms recorded in Brdilkas buffer, 0,002 M in Co (II),
containing various cysteine additions. Typical catalytic waves
are visible at voltages between |,5and 2,0V ’
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-500 [ 0000 0,02M NaCl
X X X X as above with L0-6 M s¥
BR BB as above with 10-4M s ¥

-550 | 0 0 O as above with I0°3M s*
s AAAA as above with 10°2M s®
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=650

mV
(she)

- 700

-750
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N

120) {00 {000
log nA cm- 2
FIGURE 70
Cathodic polarization curves for mild steel in 0,02M NaCl with various

additions of sulphide as Nozs. 9H20.pH of all solutions 7,40
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FIGURE 73

|,5 ecm3re-suspended

in 100 cm3 fresh de-
aerated growth medium
Polarization expt performed
at 30°C
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FIGURE 74
Cathodic polarization curves recorded in (a) Sterile medium. Suspension of
hydrogenase-active cells from DB culture in sterile medium (common curve
for the two cases). (b) cell free centrifugate of D B culture.(c)DB culture).
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FIGURE 75
Cathodic polarization curves recorded in: a) Sterile medium . Sus-
pension of hydrogenase-active cells from WVB culture in ste-
rile medium (common curve for the two cases) b) Cell-free cen-
trifugate of WVB culture. c)WVB culture .
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FIGURE 76.

Cathodic polarization curves recorded in (a)Sterile medium.
Suspension of hydrogenase-active cells from HIL culture in
sterile medium (common curve for the two cases). b) Cell-free

centrifugate of HIL culture.(c) HIL culture.
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FIGURE 79

Cathodic polarization curves, determined under true potentiostatic
conditions, for mild steel in Tris buffer, pH 7,0 with Benzyl violo-

gen additions



FIGURE 80
pH versus potential behaviour of redox dyes methylene blue (MEB),
benzyl viologen (BZV) and methy! viologen (MEV).
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00 0,02M NaCl
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FIGURE 83

Anodic and cathodic polarization curves for mild steel in
0,02 M Na Cl solutions with additions of sulphide as NazS.9Hp0
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Ingress of
80: +nutrients FeS corrosion product and bacterial mass
acting as cathode. Cathodic reaction:

Hp S+e=HS*+ % Hy

Corroding interface

[s¥] concentration low enough to give
shallow Tafel slope (29m V/decade),
but insufficient for protective film

formation.

FIGURE 86(b)

Schematic diagram of actively corroding pit with electrochemical
characteristics of Figure 86 (a).
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Reference
Electrode
Working Counter
Electrode Electrode
FIGURE 39

Diagram of the basic components of a potentiostatic circuit.

The potential between reference and working electrodes is

compared (S) with the potential tapped from a reference supply (R).

The error signal is amplified (T) and generates a current measurable

at (A) between counter electrode and working electrode such as to
minimise that error



+{5v +{5v
50
fk
= 100
$Qi0a > A
1,9v | +
] 10k
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Lo _
FIGURE. 40

Potentiostatic control circuit. The operational amplifier employed was a
Philbrick Nexus SQ40Oa. Dotted area represents electrochemical cell
containing working electrode (WE),reference electrode (RE),and counter

electrode (CE).
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FIGURE 41 POLARIZATION CELL
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FIGURE42 WORKING ELECTRODE ASSEMBLY



N " Threaded portion to

nifrocellulose w7 ! accomodate brass studding
lacquer [ !

{{mm

17 surface of metal electrode

exposed to electrolyte

FIGURE 43
Working electrode showing application
of nitrocellulose lacquer

(not to scale)
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