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Abstract
Biocorrosion processes of metal surfaces are nssnc.imcd \T'i(h mic.mmg
activities including enzymes. exopolymers, organic nn(.l mnorganic «’ICI.(IS, as well as vol
ammonia or hydrogen sulphide, These can aﬂcct.cmlmd!c .'.md/or ﬂl?()dlc reactions, thus altering ele
at the biofilm/metal interface. Various mechanisms of biocorrosion, reflecting their variety
activitics carried out by different types of microorganisms, arc identificd and rece
reviewed. Many recent investigations have centred on the microbial-influence
alloys and of particular interest are Desulfurvibrio species, Thiobacillus specics. Pse
Methanobacterium, Methanospirillum, Escherichia coli. and Ferrobacillus ferrooxidans. Some o
that influence biocorrosion include; pH, temperature, oxyvgen, moisture and the n
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1. Introduction

) Corrosion is a naturally occurring phenomenor.

which involves the deterioration of a substance
(usually a metal) or its properties becau<e of its
physicochemical interaction with its environmant
(van Delinder, 1984). Microbes can cause and
influence corrosion because of their ability to
influence changes in their environment. If
microorganisms are to alter their environment, there
must be an adequate source of carbon and energy
for growth and metabolismn (Obickwe, 1983).
Microbiologically influenced corrosion constitute a
dangerous and expensive industrial problem which
affect diverse processes ranging from water
distribution and waste water system to transport of
natural gas and oil in steel pipelines (Jones and Any,
2002). Unlike many natural disasters however, there
are proving methods to prevent and control corrosion
that can reduce or eliminate jts impacts on public
safety, the economy and the environment,

Pact;ria are considered the primary colonizers of
nanimate surfaces in both natural and mhnma_dc
environments. Therefore, (he majority of microbial
mycsugahons have addressed the impact of pure or
mixed CU“UTC baCtCl‘ia bioﬁhns on corrosion

behavigur of iron, conne ini i
) »Copper, aluminium and their allov
(Beech, 2004), : s

Corros.lpn of metals by microorganisms had been
associated with twg genera, the anaecrobic
Des‘ulftyrvibrin and the aerobe Thiobacillus
(Obiekwe, 1983), iron oxidising/rcducing baclcria..

manga.nese-'omdlsmg bacteria angd bacteria secreling
organic xcids and slime

corroswei‘activi(ics are from thejr
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(Beech, 2004). Their

sulphur/sulphur compound, manganese and iron
compounds.

Under acrobic condition Thiobacillus species oxidise
reduced sulphur compound to sulphur acid which
corrode the mectals. On the other, Desulfurvibrio
species act anacrobically reducing sulphate to
sulphide which reacts with iron to form the

characteristic of corrosion product (FeS) (Beech and
Coutinbo, 2003).

2. Mechanisms of microbial influenced corrosion

(a) Corrosion of metals under anaerobic conditions

In stagnant water containing materials such as oil,
microbes may thrive, especially at conducive
temperatures. Bacteria corrosion often proceeds in
three stages
(i)  Initial microbial proliferation: The oxygen that
is normally dissolved in water is used up by
bacteria and other microbes, at this stage,
mildly acidic organic chemicals are prodm?cd
by the microbial oxidation processes, \\'thh
may accelerate ongoing electrolytic corrosion
thus making the zone ncar'thc microbl_al
growth becomes oxygen deficient and anodic.
(i) In some cases, conditions are suchitlvxalt's:
second stage occurs, \\'hcrc‘ one or few specia x.;
species of anaerobic huctc'r:n tu!\_c ovcr‘ t::e S::]no;’
feeding on the acidic chemicals. The best m:j ¢
these anacrobic species are the sul_phatc re u::l g
bacteria. Their characteristic ;1rg)[1crt|cs are ;h‘al ;(};
utilise the oxygen in sulphate SO * for breathing
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1o gz(Zhueral., 1999)
reduce the sulphate to sulphides g2 (Zhu eral,

as follows:

SO, Al _y &7 44110

The detailed mechanisms arc thus:

Anodic reaction: . ]
4Fe — 4Fe™ +8¢

Dissociation of water: )
811,0 — 811 +80H
Cathodic reaction: ’

RH* +8¢ — 87 + 41,0
Cathodic polarization:

SO +8H' = ST+ 4H,0

Corrosion product:
IFe+6(OH™) = 3Fe(OH ),
Overall reaction:
4Fe+ 80,  +4H,0 = 3Fe(O), + FeS+ 200H7)

[This mechanism suggests that the ratio of the metal
to the sulphide is 4:1.Thus, sulphate reducing
bacteria which are hydrogenase positive bring about
cathodic depolarization as illustrated above
(Obiekwe, 1983). Therefore, no depolarization was
observed with Desulfotomaculum orientis which is
hydrogenase negative.

Besides sulphate reducing bacteria, the nitrate
reducing bacteria (such as Pseudomonas,
Chromobacterium and Bacillus) and methane
bacteria (such as Merhanococcus, Methano-
bacterium and Methanospirillunt) are actively
involved in anaerobic corrosion provided the
organisms are hydrogenase positive. Escherichia coli
is also implicated in anaerobic corrosion by the
production of organic acids (Obiekwe, 1983).

(b) Microbial corrosion under aerobic condition

Corrosion due to the activity of microorganisms in
aerobic conditions is often the result of the
production of a corrosive metabolites, usually this
is an acid; either mineral or organic. A wide range of
organisms may be concerned in corrosion of this
type, but the sulphur-oxidising bacteria are by far
the commonest and most important (Beech, 2004).
A prevailing theory of microbial influenced corrosion
holds that biofilms promote corrosion by inducing
the formation of corrosive cells. This is believed to
occur as a result of aerobic respiratory activities
within the biofilms that leads to the establishment
of local cathodic and anodic regions on the steel
surface which promote electron flow (Dubiel e al.
2001). Recent evidence however suggests thn'(
aerobically respiring bacteria may protect steel from
corrosion over the long term which raises questions
regarding the extent to which aerobic respiration
contributes to corrosion (Dubiel er al., 2001). A
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notable organism involved in acrobic Bloe
i Ferrobacillus ferroaxidans thay Hm\: o
oxidise iron into rron uxt(lgﬁ ot q,y(‘“m(;r'(.c:uy
axidizes ferrous iron m solution to the 'L‘nyif-‘:i oy
and effect the precipitation of ferric hydroge. e
(,'”[/i“n"//rl fer ngrinea) l‘l(’tzl[)il;\l("‘ .1"&:: !.
pydroxides can build up on the surface of 4 m:l“‘\
c;nnpuncm to form hard excrescences Lnnw,,' :
‘qubereles’, which are firmly adherent 1o the mer;)
surface and may setup an oxygen concentration ce |
leading to accelerated corrosion at the battom of thy.
wbercle. The problem is often aggravated by the fact
that the anaerobic region at the base of the tubergle
provides 2 suitable habitat for sulphate-reducing
microorganism, they prol vate in this region and
add their own contribution to the total corrosion
(Beech, 2004). Thiobacil!us.spccic§ oxid se sulphur
compounds to sulphuric acids whfch carrodes the
metal (Obickwc.l‘)SB). Three species, Thiobacillus
thiooxidans, Thiobacillus thioparus and Thiobacillus
concretivorus, found in muds, soil and wa.er oxidise
sulphur, thiosulphates, sulphitcs a‘n-'l several
polythionates to sulphates, with the simultanecous
production of strong acids. Other corrosive actions
exerted by microorganisms also have to do with the
formation of concentration cells, poisibly in
combination with fouling problems (Beech, 2004).
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(c) Enzymes and biocorrosion

Catalases, peroxidases and superoxide dismutases
are involved in reactions of oxygen reduction,
therefore, in principle; they might facilitate corrosion
by accelerating the overall cathodic reacticn.

The enzyme, dissimilatory sulphite reductase (dsr)
is widespread among bacteria sulp,hite reducers
(Ansendsen e/ al., 1993) and is found in one
thermophilic genus Archaeoglobus fulgidus (Dihl et
all, 1993). Dissimilatory sulphite reductase catalyses
the central energy conserving step in the
dissimilatory sulphate reduction pathway; the six-
clectron reduction of sulphite to sulphide (Odom and
P.eck, 1994). Dissimilatory sulphite reduciase is
either an +2?2 or £222°2 enzymes in the species
characterised thus far (Dahl er al., 1993), encoded
by dsr_A and dstB (Hipp er al., 1997), which are likely
cgntamcd in one operon (L.aisen ef al., 1999) and
highly conserved in primary sequence.

The complete genome sequence of Desulfovibrio
vm'gu_ris encodes oxidases, oxidoreductases
pIasgmd-cncodcd catalases and superoxide dismutasé
(Heidelberg er al., 2004). Furthermore, the analysis
of t!1§ incomplete genome sequence of the gram
positive sulphate reducing bacteria LDesulfito-
bacterium hafmiense showed genes encoding three
catalases of which at least one is extracellular. These
catalases are homologues of hydrogen pc"oxi-dases 1
and Il (HPI and HPIl) and manganese-containi
catalases (Beech and Sunner, 2004). The followlirr:g
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knzymes also play a major part in sulphate activation

d reduction; pyrophosphatase, ATP sulphu_ry.ln‘se,
au Inhate reductase desulphoviridin,
B::iﬁlglmrubidin and desulfuscidin (Gibson. 1990).

(d) Environmental measurement of sulphate reducing
:,?f)lg,irll’iobabfc Number (MPN) enrichment .
The most probable number of sulphate rcc}ucmg
bacteria in cnvimnmcnlml §amplcs can be cslmml_cd
using three tubes per d|l_ulmn (Bnanrt. 1981). The
MPN experiment werc inoculated with water frn-m
the catridges. The media are then prepared by strict
anacrobic technique (Balch an.d Wolfe, 1976) and 9
ml aliquots were dispcnseq into Hungate screw-
capped tubes and sealed with butyl rubber septa.
Either lactate (10 mM) or hydrogen (10 %) was then
added as the electron donor for sulphate reduction.
H, is thought to be common energy source for deep
surface communities (Stevens and Mckinley,
1995). Tubes containing H,were shaken at 200 rpm
to overcome gas-transfer limitations. Samples were
inoculated at mesophilic and thermophilic
temperatures and under low saline (5 gl-1 NaCl) and
higli saline (50 gl-1 NaCl) conditions. Tubes were
observed for growth and sulphide production after
7. 14 or 21 days.

3. Control of biocorrosion

Corrosion control involves the hindering the natural
chemical reaction that occur between the metal and
its environment (Sondalini. 2003),

In considering corrosion prevention methods, it is
important to keep in mind the overall r
the corrosion of iron in reactions | an

.

n for

2Fe = Fe™ +2¢” ; :__l"’:_.\;: '_‘_{\g,
;\)711__\.}-:-c;_-;‘.';: B
2H,0+0, +4e” - 40H AN
LA -

4

\\' "-"/l. ”

2Fe+2H,0+0, = 2Fe® +4DH
1 oA

2Fe™ +40H — 2Fe(OH),

From the above equations, it can be deduced that

limiting the reaction from left to right will decrease
corrosion of iron. In fact, the re

the reactants from the zone of r
the reaction from occurring,

Alternatively, modification of the bulk-phase

chemistry such as teducing the assimilable organic
carbon concentr

ntration or increasing buffering capacity
may be considered. It is also critically important to
clez}n sprinkler system, eliminate water from dried
SPf”ﬂflef system, recharching of systems with water
containing low concentration of nutrients, critical
Cleam."gor“,e“'ly installed piping systems to remove
organic and horganic debris and the addition of safe
and compatible corrosion inhibitors, avoiding

(3.

moval of any one of
eaction will prevent
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tuccunwlntion of dirt; sludge and foul water
leposits, wily reduce the risks. Effective tc;tiny
proper maintenance and prompt treatment caﬁ alsg(;
stop MIC activity and prevent reve
sprinkler piping

and blockage o
components. Thus underst

contribute to microbi
corrosion actiy

rsible damage to
f critical system
andmg,t‘hc factors that

microbial growth and associated
' ities is the key to
prevention (Beech, 2004),

fa) Conditioning the metals
Each metal and alloy h

corrosion that can range from the high resistance of
noble metals for example gold and blalinum to the
low corrosion resistance of active metals, for
example sodium and magnesium. When the noble
metals are metallurgically combined with those lower
in the galvanic serics, the resulting alloys takes on
korrosion resistance properties. The resistance can
come from the development of a protective dxide
film on the outside surface or because the new alloy
has a different voltage potential which acts to make
itbehave more noble (Sondalini, 2003). Furthermore,
the corrosion, resistance of a metal depends on the
environment to which it is exposed, that is the

chemical, temperature, velocity and so on (NACE,
2000).

as unique and inherent

The general relationship between the rate of

corrosion, the corrosivity of the environment and the
corrosion resistance of a material is;

(Comrosivity of environmert)
(Corrosion of metal)

= rate of corrosion attack

Passivation of a metal is a method of changing the
potential difference of a metal surface. By removing
the oxide normally present on a metal and exposing
the bare metal directly with an acid, the acid will
reacts with the metallic surface to make a new
compound with more noble properties. The
passivated layer covers the metal and provided the
layer is not broken and the voltage remains
favourable, it will protect the metal under it from
corrosion (Sondalini, 2003). Thus, for a given
corrosion resistance of the material, as the corrosivity
of the environment increases, the rate of corrosion
increases and as the corrosivity of the environment
increases the corrosion resistance of the material
decreases.

(b) Modification of the environment

In acrobic corrosion, removing oxygen from }he
environment prevents completion of't‘he corrosion
process by slowing the chemical reaction requhlrmg
electrons. The removal of oxygen could be achieve
by the use of strong reducing agents e.g. S}]lp};‘nf:;
by the use of ap inert atmosphere. However, 10

MIC control and o
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open evaporative cooling system, this approach to
corrosion prevention is not practical since fresh
bxygen from the atmosphere will have continual
access. Besides, the pH in the 10-11.5 range slows
L-mmsinn or by the removal of oxygen from the water
system in the pH range of 6.5-8.5, onc of the required
tompnncnts for corrosion would be absent and
-orrosion will be prevented.

Also, if water is excluded from the metal surface,
the corrosive action cannot occur. Research has
shown that iron will not corrode is an atmosphere
containing less than 30 % relative humidity (van
Delinder, 1984).

(¢) Corrosion inhibitors

Corrosion inhibitors are substances that combine
with the corroding metal (anode) or the protected
metal (cathode) to form barrier layer that reduces
the flow of ions and electrons across it to very low
values and virtually stops the corrosion. If the
protective barrier is damaged, corrosion resumes
(Obiekwe, 1983). Thus. it is necessary to keep an
amount of the inhibitor in contact with the metals.
Inhibitors can be incorporated in protective coatings
orina primer for a coating at a defect in the coating:
the inhibitor leaches from the coating and controls
the corrosion. Chromates, silicates, organic amines,
organoborates and ethylene glycol monomethylether
are common inhibitors.

The mechanism of inhibitor can be quite complex.
In the case of the organic amines, the inhibitor is
adsorbed on anodic and cathodic sites and stifles the
corrosion current. Other inhibitors specifically affect
the anodic process e.g. silicate, orthophosphates,
nitrite and ferricyanide while the cathodic inhibitors
act by causing a reduction of oxygen. Some retard
corrosion by adsorption to form a thin, invisible film
only one molecule thick. Others form bulky
precipitate that coats the metal and protect it from
attack (Koch er al., 2001).

(d) Protective coatings
The metal can be completely covered with
impervious coatings of paints, lacquer, resin, oil,
ceramics or grease. This affords excellent protection
as long as the coating can be maintained intact.
Metallic coatings of less noble metal over more noble
metal provide sacrificial protection. Galvanizing is
a'bonded‘ protective coat of zinc put over steel. The
ZInc protects the steel from corrosion in two ways:
from the galvanic series, it can be seen that zinc will
i?r::og:ing?;e Sieel. Secon.dly’ a protective layer of
= S, rims on the zinc. Thus as |_ong as the
sacrificially a:dc()ntact with the steel it corrodes
coatings put ov protects the stecl. Non-metallic
€r metal can be of two types; they act

as a ic ;
physical barrier and bar access to the metal

surface or they can ; :
a .
it th Y €an introduce a very high resistance

e : M
corrosion cell circuit and drastically reduce

b
.i'
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g a are no cracks. If Crack
occurs, corrosion becomes intense at the mets)
surface. Resistance tvpe coatings include additivas
that breakdown in the presence of water and oxvg;ﬁ
into inhibiting agent (Koch er af.. 2001). .
The metal may be coated by chemical action with
an impervious film such as an oxide coating. Strorg
oxidizing agents such as fuming nitric acid cause
iron to become passive or chemically unreactiv:,
presumably because of the formation of a stabl:
oxide film. Epoxy based primer coating applied on
a properly washed and blast clecancd surface hag
shown good result. Moreover, the level of salt
contamination on the surface should be kept as low
as possible (NACE, 2000).

4. Factors influencing biocorrosion

There is an ongoing dispute as to which component:
biotic or abiotic is of greater relevance to corrosion
reactions (Pak er al., 2003). Sulphate and organic
concentrations, scdimentation rate, turbulence,
temperature, salinity and hydrostatic pressure are the
nain environmental factors controlling the number
and distribution of sulphaiz reduring bacteria and
the rate of bacteria sulphatc reduction (Wetrich and
Bwerna, 1988). ;

Increase in oxygen incr:  :s the corrosion. rate
during aerobic biocorrosion. Anaerobiz biocorrosion
microbes will not occur in the presenre cf even a
trace of oxygen. Flow rate, increased water rate
increases oxygen access to the surface and remove
protective surface film so usually increase corrosicn
but can sometime improve access for corrosion
inhibiting reactants. Temperature also influence
biocorrosion for instance, the Desulfovibrio grow
well at temperatures between 25 °C and 45 °C. 0.
nigrificans, however, is thermophilic, with &n
optimum growth of 55 °C and growth occurs even at
65-70 °C. but the organism can adapt itself to grow
at temperatures as low as 30-37 °C. Water type, 1
general low concentration rates are fqund with scale
forming waters. Aggressive ions, Wh‘lch icceleratec
corrosion, are chlorine, sulphate ions but q_une
complex interaction may occur between t}r:elvﬁ?eog?
deferred maintenance and exten‘dcd usefu zrlation
buildings and equipment. In low iron concc)l\l\.th ratc;
the corrosion rate will dC_PC"d on ”:{c g:mcicnll)’
but not so in iron-rich medium. In media s e s

. g8 ide will rcc]p!la(eﬂs o,

rich in iron, the sulpludf: P etive surface film
suppressing the formation ofPf: FeS is formed n
on the metal specimen. A tivity can continué
culture, FeS dCPOIa”Za“Q?qﬁeria. A though Iight
even in the absence of the B¢ light adaptation
can be a limiting factor, | o oxidise
; gt ototroph and !

in certan pr i in]pOﬂanCC
ferrous iron mig _1 . corrosior f
1999). In the rangec © !

extreme low. :
]Cir abl'”y t

(Heising &/ /-
ate is fairly

o
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ttof pHi but it increascs rapidly when the
4. This is because acids such as
epccin”y n ;cr«vhit COTTOSION 18
invMVfd actively in corrosion of the metals.
Desulfuvibrio grow wellatpH values hct;\ cen :\‘hpnl
5.5 and 9.0 (optimum pHl = approx. 7.2). The pH
range of the 1)(’fll[/l)l(m'm('u/‘um is sn‘mllar.()thcr
factors which influence microbial corrosion of metals
condition of the metal surface and the

jndepender
pll falls below
sulphuric acids ¢

include; the
nature of the metal.
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