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SULPHATE-REDUCING BACTERIA ASSOCIATED WITH BIOCORROSION —
A REVIEW
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Biocorrosion means any process of corrosion in which microorganisms are somehow in-
volved. As far as the petroleum industry is concerned, the anaerobic type is the more important,
with Sulphate-Reducing Bacteria (SRB) accounting for half of the described processes. SRB are
obligate anaerobes that use sulphur, sulphate or other oxidized sulphur compounds as oxidizing
agents when decomposing organic material. A typical product of SRB metabolism, hydrogen
sulphide -H2S8-, is extremely toxic. In the present work we review the literature on mechanisms
underlying biocorrosive processes in which SRB are involved and summarize some of the
ultrastructural and electrochemical work developed using SRB obtained from water injection
flow in wells located on PETROBRAS offshore marine platforms, sampled directly in the field
over metallic probes, or cultured under laboratory conditions.

Biofilms develop when SRB adhere to inert surfaces. A high diversity of morphological types
is found inside these biofilms. Their extracellular matrix is highly hydrated and mainly anionic,
as shown by its avid reaction with cationic compounds like ruthenium red. We have noted that
variations in iron content lead to interesting changes in the ultrastructure of the bacterial cell
coat and also in the rate of corrosion induced in metallic test coupons. Since routine methods
to prevent and treat SRB contamination and biodeterioration involve the use of biocides that are
toxic and always have some environmental impact, an accurate diagnosis of biocorrosion is
always required prior to a treatment decision. We developed a method that detects and semi-
quantifies the presence of living or dead SRB by using free silver potentials as an indicator of
corrosive action by SRB-associated sulphides. We found a correlation between sulphide levels
{determined either by specfrophotomelry, or using a silver electrode — E(Ag) — that measured
changes in free potentials induced by the presence of exogeneously added sulphide) and SRB
concentration (enumerated by a culiuring method). E(Ag) was characterized under a variety of
conditions and was found to be relatively immune to possible interference resulting from aera-
tion of media or from the presence of iron corrosion products. The method offers a simple, rapid,
and effective means of diagnosing biocorrosive processes prior to their control.
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1. SULPHATE-REDUCING BACTERIA (SRB) AND
THE PROBLEM OF BIOCORROSION

Corrosion means the deterioration of dif-
ferent materials, generally metals, under chemi-

cal or electrochemical action by surrounding
media (Gentil, 1983; Pourbaix, 1987). The phe-

This work was supported by PETROBRAS (Petrdleo
Brasileiro S.A.) and FIOCRUZ (Fundacao Oswaldo
Cruz).

*Corresponding author.

Received 4 November 1992,
Accepted 29 June 1992,

nomenon can occur 1n atr, water or land envi-
ronments. The deterioration of non-metallic ma-
terials, such as polymers, paper, plastic, rub-
ber, cement or wooed 1s also considered as a
kind of corrosion. Aeration and deaeration,
electrolyte concentration, metal composition of
alloys and thermodynamic conditions are some
of the many variables that give rise to differ-
ent types of corrosion, defining the nature and
rate of chemical reactions.

Metallic corrosion may be described as the
oxidation of metal, with consequent mass loss
arising from the formation of metallic 1ons



330

and the concomitant loss of electrons to the
oxidizing agent. The reaction involving loss of
electrons — the oxidizing reaction — 1s known
as anodic reaction, while the one characterized
by a gain of electrons ~ the reducing reaction
— 1s known as the cathodic reaction. In acrated
aqueous environments oxygen and water are
cathodic, gaining electrons from metal to form
hydroxy! 1ons, while in deaerated aqueous
environments hydrogen 1ons are cathodic, gain-
ing electrons to form gaseous hydrogen (Fig.

1).
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Fig. 1: proposed mechanisms for corrosion in aqueous
environments, n aerated and deaerated media, in the
absence (top) and presence (bottom) of Sulphate-Re-
ducing Bacteria.

Biocorrosion, or microbiologically induced
corrosion (MIC), signifies any process of cor-
rosion in which microorganisms are somehow
involved, either in aerated or deaerated media
(Tiller, 1983). As far as the petroleum industry
is concerned, the anaerobic type 1s the more
important, with Sulphate-Reducing Bacteria
(SRB) accounting for half of the described
processes (Hamilton, 1983, 1985). The costs
to industry take two forms; repair of damaged
equipment and oil pipelines, and preventive
maintainance. The United Kingdom spends 300
to 500 million pounds/year in this area (Tiller,
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1983); the United States something in the re-
gion of 16 to 18 bilhion dollars/year (Skere-
bowski, 1978); PETROBRAS estimates that
6.5 million dollars/year 1s spent on infusion of
biocides on offshore platforms in the Campos
basin (state of Rio de Janeiro). These calcula-
tions, moreover, do not include the cost of
environment pollution. How to cut the grow-
ing costs arising from prevention of corrosion
and from replacement of corroded materials
on offshore marine oil platforms'is then a
question of strategic interest, especially for
countries dealing with petrol extraction oft its
marine coast, such as Brazil,

Sulphate-Reducing Bacteria form a hetero-
geneous group of taxonomically and morpho-
logically diverse genera and species, that are
related 1n terms of ecology and physiology
(Postgate, 1984; Gibson, 1990). They are ob-
ligate anaerobes that use sulphur, sulphate or
other oxidized sulphur compounds as oxidiz-
Ing agents when decomposing organic mate-
rial, just as acrobes use oxygen in conven-
tional respiration. They grow in environments
that are rich in sulphate (SO47%) and have the
metabolic machinery to reduce 1t gradually to
sulphide (S2), passing through intermediate
steps of incomplete sulphur oxidation in which
sulphite, thiosulphate and other non-stoichio-
metric sulphides are formed (Gibson, 1990).
Since SRB assimilate only relatively small
amounts of reduced sulphur, releasing most of
it into the external media, they are called dis-
similatory sulphate reducing microorganims
(Postgate, 1984). In the extemal aqueous envi-
ronment, the released sulphide 1ons are gener-
ally hydrolyzed to free gaseous or dissolved
hydrogen sulphide (H,S). This compound, a
typical product of SRB metabolism, 15 ex-
tremely toxic (more dangerous than hydrogen
cyanide), and easily 1dentifiable by its charac-
teristic and unpleasant odour, In partially closed
systems, such as storage tanks and concrete
pillars on offshore oil platforms, gaseous H,S
15 sometimes produced in considerable quanti-
ties, posing a serious hazard for o1l industry
workers (Hamilton, 1983),

Petroleum extraction ts performed in two
ways on marine platforms. In primary recov-
ery, the pressure 1n the o1l reservoir 1s sutti-
cient to induce the flow of petroleum through
the dnll. In secondary recovery, this natural
pressure 18 too low, and therefore a water 1n-
jection system has to be installed providing
the additional force needed to push out the oil.
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Marine water i1s taken from sites close to the
platform, deaerated to prevent oxygen corro-
sionh, treated, filtered and injected to maintain
the reservoir pressure. The resulting environ-
ment favours bacterial growth, in particular
SRB growth, in that it offers conditions of
anaerobiosis with sulphate and nutrients, as
well as a metallic substrate for bacterial adhe-
sion (the pipeline alloy). This ts the most sig-
nificant biocorrosive problem in the oil indus-
try, but it is not the only one. In the course of
production and storage of petroleum, there are
many points at which biocorrosion 1s a prob-
lem, ranging from the well dnill, through the
processes of primary and secondary produc-
tion, to the separation of oil fractions, trans-
port and storage.

2. METABOLISM OF SRB AND MECHANISMS OF
ANAEROBIC BIOCORROSION

The biology of SRB, which were first de-
scribed in 1895 by Beijerinck, was reviewed
in 1984 by Postgate and in 1990 by Gibson.
The main genera are Desulfovibrio, Desulfo-
bacter, Desulfomonas, Desulfotomaculum and
Desulfobacterium, and these display a variety
of forms: rod, vibrio, filamentous, rounded and

coccoid. They grow using sulphate, or some-

times undergo fermentative growth in its ab-
sence, but are unable to use oxygen as an elec-
tron acceptor. Although they are tolerant to
oxygen (Wall et al., 1990), theirr growth 1is
inhibited in aerobic conditions and is activated
whenever the local environment becames
anacrobic (Postgate, 1984). Their nutritional
range is restricted; they can not use carbohy-
drates or hydrocarbonides, but instead use CO,,
or a series of compounds like benzoates or
fatty acids (from acetate to stearate),
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Two types of enzymes are very important
in the biology and ecology of SRB: surface
hydrogenases, which allow the use of hydro-
gen as an electron donor 1n the chain of reac-
tions leading to sulphate reduction, and APS
reductase, the first enzyme 1n the cascade of
sulphate reduction, which catalyses the reduc-
tion of adenosine-3'-phosphosulphate (the phos-
phorylated form of sulphate which 1s formed
when ATP reacts with sulphate) to sulphite.
SRB hydrogenases seem to be involved 1n the
mechanism of biocorrosion (Pankhania, 1988;
Bryant & Laishley, 1990), while APS reducta-
ses are used as specific markers for the detec-
tion of SRB (Odom et al., 1987).

The mechanisms underlying biocorrosive
processes in which SRB are involved are not
fully understood (reviewed in King & Miller,
1971: Hamilton, 1985; Pankhania, 1988; Vide-
la, 1989), Corroston of metallic alloys 1n an
aqueous anacrobic environment (Fig. 1, Table)
ts an electrochemical phenomenon, in which
H" ions generated through the dissociation of
water (reaction 1) and electrons generated
during the anodic reaction with metal (reac-
tion 2} combine (cathodically) to form hydro-
gen atoms (reaction 3) which then form mo-
lecular H, (reaction 4). The process is suscep-
tible to a mechanism of self-control (**passiva-
tion”, in which the metal becomes “immune”
to further corrosion) that take effect when a
layer of H, forms over the metal surface, thus
reducing the electron flow from the anodic to
the cathodic area. The main corrosion prod-
ucts are metal hydroxides (reaction 5) or other
metal compounds, depending on what addi-
tional dissolved cations are present. SRB seem
to act by inhibiting the mechanism of self-
control, in at least three ways (Fig. 1): (a) their

TABLE

Reactions occurring during anaerobic corrosion in aqueous environment

{1} water dissociation
{2} anodic reaction
(3) cathodic reaction

(formation of atomic hydrogen)
(4) formation of molecular hydrogen
(5) anodic depolarization

{formation of corrosion products —iron hydroxides)

(6) cathodic depolarization

(SRB sulphate reduction and formation of sulphides)

(7) dissociation of hydrogen sulphide
(8) anodic depolarization
(formation of corrosion products —iron sulphides)

§H,0— 8OH +8H
4Fe > 4Fe2 +8e
SH +8¢~ — 8H

8H — 4 H,
6 OB + 3 Fe?’ = 3 Fe(OH),
SO2”+8H = S2~ +4R,0

H,S > S2 7 +2H
S2 ~ + Fe?' > FeS
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hydrogenases consume the H, formed in reac-
tion 4, thus destroying and/or impeding the
formation of a passivation film of hydrogen
(1n a process known as cathodic depolarization
caused by SRB); (b) they generate H,S as a
metabolic product (reaction 6), that by disso-
ciation (reaction 7) increases the concentration
of H" ions in the cathodic area, changing the
kinetics of reaction 3; and (c) they indirectly
interfere with anodic depolarization, since
sulphide anions (released in reaction 7) will
combine with Fe*? (released in the anodic area
in reaction 2) to form iron sulphides as new
corrosion products (reaction 8), The dissocia-
tion of H,S as HS™ and S-2 depends on the
environmental pH (Pourbaix, 1987). SRB can
thus displace the chemical reactions that nor-
mally occur 1n an agueous anaerobic environ-
ment, thereby accelerating both the anodic and
cathodic depolarizations. These may not be
the only ways 1n which SRB influence the
corrosive process, and phenomena like direct
metal binding by bacterial surface components
(Bradley et al., 1984; Fernis et al., 1989), dif-
ferential aeration by heterogeneous growth over
the metallic surface (Costerton et al., 1987) or
the direct action of extracellular bacterial poly-
mers on the metal (Geesey ct al., 1987) may
also be 1imphcated.

Biocorrosive processes involving SRB can
be studied in the laboratory by exposing metal
coupons to the corrosive environment contain-
ing SRB previously grown in specially designed
culture media (Postgate, 1984). The bacteria
can growth both 1n 1ron-rich and in iron-poor
media, and we have noted that variations in
tron content lead to interesting changes in the
ultrastructure of the bacterial cell coat
(Coutinho, 1991) and also in the rate of corro-
sion induced in metallic test coupons. Figure 2
shows the black precipitate of iron sulphides
formed when similar inocula of SRB are ap-
plied to vessels filled with iron-poor culture
medium tn the absence (Fig. 2a) or presence
(Fig. 2b) of a metallic coupon. Without the
coupon, the low availability of Fe*? (Fig. 2a)
in the medium leads to the formation of only
a thin black film after seven days in culture,
whereas, 1n the presence of a coupon made
with an iron-based alloy, SRB induces forma-
tion of a much greater quantity of corrosion
products (Fig. 2b}). The rate of corrosion, which
is higher in the presence of SRB (King et al.,
1973) or even of non-living SRB extracts
(Bryant & Laishley, 1990}, seems to be depen-
dent on the sulphides formed during the corro-
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sive process (Hamilton et al., 1989). Biogenic
and inorganic sulphides have the same corro-
siveness (Rickard 1969; Miller & King 1975;
Videla 1986) and most of them do not confer
protection by passivation, except for short
pertods (Pourbaix, 1987; Hamilton et al., 1989).

Fig. 2: iron sulphide precipitates in SRB samples grown
for seven days in Postgate Medium C (iron-poor me-
dtum) tn the absence (a) and presence (b) of an inserted
metallic test coupon. Note that similar inocula of SRB
were able to use either the low level of 1iron available in
the media (Fig. 2a) or the iron released by the metallic
coupon (Fig. 2b), with the latter situation showing a far
greater release of corrosion products.

3. BIOFILMS AND BIOCORROSION

Following the universal strategy of micro-
organisms to attach firmly to sbstrates and to
grow In consortia with a vaniety of species,
SRB adhere to inert surfaces and develop
biofilms (Characklis & Cooksey 1983; Cos-
terton et al., 1987). Biofilms mediate the inter-
action between metal surfaces and the envi-
ronment in biodeterioration processes like cor-
rosion, but also in several biotechnological

processes applied to matenials recovery and
handling (Videla, 1989). Sulphate reducers in

[ ™
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nature are adapted to ambient sulphate con-
centrations and, in a thick biofilm, they show
varying affinities for sulphate, depending on
their location within the biofilm (Nielsen,
1987). Biofilms containing mixed aerobic and
anaerobic populations display stratified struc-
tures with specific anaerobic niches in which
SRB growth is comfortably supported. Extra-
cellular polymeric exopolysacchandic matenal,
which i1s produced in larger amounts by wild
bacterial strains than by test tube bacteria
(Costerton 1985), mediates cell-substrate and
cell-cell attachment, forming an extensive
network of extracellular matrix 1n which bac-
teria are embedded. We studied the ultrastruc-
ture of SRB (Coutinho, 1991; Coutinho et al.,
1992) sampled directly over metallic probes
exposed to water injection flow in wells lo-
cated on PETROBRAS offshore manne plat-
forms (Fig. 3a), or cultured as mixed SRB
populations under laboratory conditions in
SRB- designed media (Fig. 3b). Figure 3 shows
the ultrastructure of such biofilms as seen by
transmission and scanning ¢lectron microscopy,
and illustrates the high diversity of morpho-
logical types found inside them (Fig. 3b). The
biofilm surface is highly adsorptive and can
trap sediments, nutrients and ions in signifi-
cant quantities. The extracellular matrix of SRB
biofilms is highly hydrated and mainly anionic,
as shown by its avid reaction with cationic
compounds like ruthenium red (Fig. 3a). It
concentrates and conserves extracellular en-
zymes necessary to the processing of high
molecular weight substrates for subsequent
nutrition of bacteria. Biofilms are thus com-
plex structures consisting of microcolonies of
proliferating cells, dead cells, extracellular
material (metabolic products and secreted poly-
mers) and, at the metallic surface, corrosion
products, Since bacteria constitute a minor
mass inside an encrmous hydrated bioresin
made with the extracellular polysacchandic
matrix, the interfacial system (metal/water)
will be governed by the different transport pro-
cesses taking place through the biofilm (Videla,
1989). Reactions between metabolites denved

from bacteria and metal take place within the
biofilm.

The organization of SRB in biofilms
changes the classical electrochemical concept
of electrical interface employed in corrosion
sfudies and confers new properties which may
also be implicated in additional corrosive
mechanisms, such as the creation of areas of

differential aeration over the metallic surface
{Hamilton 1985) or the direct action of extra-
cellular polymers (Geesey et al., 1987). Corro-
sion may occurs even 1n the absence of living
bacteria, when two polymers of different metal
binding affinities are adsorbed over adjacent
areas on the same metallic surface (Geesey et
al., 1987). In general, the biocorrosive pro-
cesses involving SRB offer fascinating models
in the area of applied cell biology and consti-
tute an open field of study with regard to the
functions of extracellular polymers, their syn-
thesis under different conditions by a variety
of single-species or mixed bacterial popula-
tions, and their consequent influence on rates
and mechanisms of corrosion.

4. DETECTING AND PREVENTING SRB-ASSOCI-
ATED BIOCORROSION

Suspicion of SRB-associated biocorrosive
processes arises when pit-type corrosion is
found under anaerobic conditions, and, as
mentioned above, when an odour of H,S is
detected in conjunction with a black film of
FeS precipitate. Since routine methods to pre-
vent and treat microbial contamination and
biodeterioration involve the use of biocides
(Gaylarde & Johnston, 1984), that are toxic
and always have some environmental impact,
an accurate diagnosis of biocorrosion is al-
ways required prior to a treatment decision. It
is therefore necessary at least (1) to confirm
the presence of biofouling, 1. e., living and/or
dead microorganisms associated with corrosive
processes, (2) to identify the type of microor-
ganisms mnvolved, be they fungi, nitrate-reduc-
ing bacteria, iron and sulphur-oxidizing bacte-
ria, sulphate-reducing bacteria, Pseudomonas
spp, etc., and 1if possible (3) to identify the
types of corrosion product present in the biofilm
material, since they may hinder the action of
biocides and thus call for the additional use of
a dispersant. Furthermore, biocides can be
problematical both in terms of the high resis-
tance of bacterial biofilms (Watkins &
Costerton, 1984; Gaylarde & Johnston, 1984)
and 1n terms of the direct corrosive action of
certain biocides upon metal (Videla et al.,
1991). Besides the use of bacteriostatic or
bacteriocide substances to eliminate biocor-
rosion in closed systems, another method which
1s also frequently used is to change environ-
mental characteristics (such as pH variation or

acration) in order to avoid growth of microor-
ganism (Videla, 1986).
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Fig 3: sulphate-reducing bactcria biofilms sampled directly under field conditions (with six months exposure of
metalhic probes to water injection systems on offshore oil platforms (3a) or grown for four days over metallic
coupons in Postgate C Medium tnoculated with mixed SRB populations (3b). The transmission electron micrograph
shows extensive extracellular material (stars) in which bacteria (b) are embedded, and which is strongly reactive
with the cationic electrodense compound ruthenium red (Fig. 3a). The scanning electron micrograph (Fig. 3b)
shows a high concentration of morphologically diverse bacteria (rod -r-, spirilar -s-, filamentous -f-, vibrio -v- and

coccoid -c- forms) associated with elements of extracellular malrix (arrow) that are condensed (arrow heads) during
the dehydration process required for electron microscopy.
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Current methods used in the identification
and enumeration of SRB are mainly of 2 types
(Tatnall et al,, 1988). (a) specific culturing
methods and (b) biochemical and immunoenzy-
matic methods involving direct detection of
SRB. Both types of techmque suffer from limi-
tations. Culturing anaerobic SRB in the labo-
ratory i1s difficult, since the bacteria take a
long time to grow on specialised media neces-
sary for their particular requirements (Postgate,
1984); indeed, often they do not grow at all in
pure culture if environmental reduction 15 1n-
sufficient. In addition to aseptic and anaerobic
conditions, and special media, the standard
culturing methods require long periods of tol-
low-up. Meanwhile, biochemical methods -
such as gas-liquid chromatographic identifica-
tion of specific fatty acids in phospholipids of
SRB, or the radiorespirometric method that
measures radiolabelled sulphide produced by
SRB samples when incubated with radiola-
belled sulphate — all require sophisticated labo-
ratory conditions. Their application in field con-
ditions is therefore difficult and involves great
expense in the collection, preparation and analy-
s1s of samples. Other biological tests — such as
the ATP assay, epifiuorescence with acridine
orange and tests based on aerobic respiratory
activity — are not specific to anaerobic SRB.
Increasingly, therefore, efforts are being fo-
cused on the development of rapid serological
methods to 1dentify SRB (Odom et al., 1987,
Tatnall et al., 1988; Gaylarde & Cook, 1990)
and on research into rapid electrochemical
techniques to detect SRB-generated sulphide
(Al-Hitt1 et al., 1983). In a recent report on a
long-term field study of SRB-associated corro-
sion in the presence of prevental electrochemi-
cal equipment (such as sacrifice anodes),
Hamilton’s group, which developed the
radiorespirometric method for identifying and
monitoring SRB-associated biocorrosion, con-
cluded that sulphide levels may offer the most
rehiable parameter for the detection of long-
term ongoing corrosive processes in which SRB
arc 1mplicated, prior to effective control

(Hamilton et al., 1989).

Our laboratory has been developing a
method that detects and semi-quantifies the
presence of living or dead SRB by using free
silver potentials as an indicator of corrosive
action by SRB-associated sulphides (Aguiar,
1991). The method offers a simple, rapid, and
effective means of diagnosing biocorrosive
processes prior to their control. We found a
correlation between sulphide levels (determined

either by spectrophotometry, or using a silver
electrode -E(Ag)- that measured changes 1n
free potentials induced by the presence of exo-
geneously added sulphide) and SRB concen-
tration (enumerated by a cultuning method)
(Fig. 4). E(Ag) was characterized under a
variety of conditions and was found to be rela-
tively immune to possible interference result-
ing from aeration of media or from the pres-
ence of iron corrosion products.
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Fig. 4: detection and semi-quantification of sulphate-
reducing bacteria and of sulphide levels by measuning

free stlver potentials -E{Ag). Note the high negative
potential recorded by silver electrodes immersed 1n
deaerated medium containing high concentrations of
SRB and/or exogeneously added sodium sulphide.

5. PERSPECTIVES

Microbiologically-induced corrosion pose a
set of industnial and technological problems
that require basic multidisciplinary research 1n
order to explain phenomena that are not exclu-
sively chemical, electrochemical or biclogical.
Furthermore, problems for basic research in
this areca are among the most fascinating and
challenging questions concerning cell biology
and biophysics. Of special interest are ques-
tions relating to the mechanisms of metabolite
transport inside anaerobic biofilms, the nature
of the extracellular matrix in SRB biofilms,
and its possible interference with ongoing
mechanisms of corrosion.

A recent report by Prof. Hector Videla, from
the University of La Plata, describes the state-
of-the-art of biological corrosion research in
Latin America today (Videla, 1990) and notes
that present and future research in this arca in
Brazil seems to be confined mainly to one
laboratory in the University of Rio Grande do
Sul and to a research center in a private insti-
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tution (Aquatec). The author also correctly calls
attention to the fact that research on anaerobic
corrosion by SRB and on biofilm effects in
water injection systems will be increasingly
important for Brazil’s expanding offshore oil
industry. Our work intends to increase Brazil-
1an contributions to this field. It bridges the
gap between metallurgy and cell biology, and
shows that an area of national strategic impor-
tance, such as petroleum production, can pose
problems which are also biological in nature
and which merit the attention of more research
groups.
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