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Realizaram-se estudos electroquimicos sobre a biocorrosdo de ago carbono na presenga e
auséncia de bactérias redutoras de sulfato (SRB) em meios aquosos de lactato/sulfato e
lactato/nitrato. Medidas de potencial em circuito aberto revelaram um deslocamento do
potencial no sentido dos potenciais mais nobres, em ambos os meios. Contudo, oscilagdes
regulares de potencial foram observadas somente no meio de lactato/sulfato.

As fotografias de SEM revelaram a presenga de pites, distribuidas na superficie das
amostras em ambos os meios, com pites de pequeno tamanho e de forma mais uniforme no
meio de lactato/sulfato, o que esta de acordo com os resultados de potencial em circuito aberto.
A voltametria ciclica mostrou claramente que as SRBs em meio de lactato/sulfato originam
velocidades de dissolug@o elevadas na regifo transpassiva, com formacdo de espécies Fe’*.

Electrochemical studies of the biocorrosion of mild steel in the presence and absence of sul-
fate reducing bacteria (SRB) grown in lactate/sulfate and lactate/nitrate aqueous media were
performed. Open circuit potential measurements revealed a displacement of the potential in the
noble direction in both media. However, regular oscillations in the potential were observed
only in the lactate/sulfate medium.

SEM micrographs showned pits clearly distributed over the surface of the steel samples ex-
posed to SRB cultures in both media, with small size and more uniform pits in the lactate/sul-
fate media, in agreement with the open circuit potential data. Cyclic voltammetry clearly shows
that the SRBs grown in the lactate/sulfate medium lead to high dissolution rates in the
transpassive region with the formation of Fe(IIl) species.
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Introduction

The role of micro-organisms on the corrosion of metals
has received increasing attention in recent years'*. The
presence and activities of micro-organisms can cause seri-
ous problems, in industry and military and wherever metals
are present in our society.

Sulfate-reducing bacteria, SRB, are an assemblage of
bacteria that can grow in anaerobic media by the oxidation
of organic nutrients, with sulfate being reduced to H,S.

The presence and metabolic activity of sul-
fate-reducing bacteria on metal surfaces leads to changes in
HaS concentration and pH level influencing the rates and
the type of corrosion.

Feio® has studied the growth of Desulfovibrio
desulfuricans ATCC 27774 bacteria in lactate/sulfate, as
well as in lactate/nitrate media, at 37 °C, in the presence of
mild steel. From these studies growth curves such as those
given in Fig. 1 were obtained. The curves in Fig. 1 show
that there is a period in which the bacteria population in-
creases almost exponentially, and after about two days a
steady-state of 60 x 10° cells/cm? is reached.

In the sulfate medium the metabolic activity of SRB
leads to the production of S?, while in the nitrate medium
the reduction process leads to NH4*, according to the
mechanism proposed by several authors® ”.

Biofilm formation necessarily plays an important role
in the corrosion process, but the exact description of the
biofilm has not yet been established. Biocorrosion, like
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Figure 1. Growth curves of Desulfovibrio desulfuricans ATCC
27774 in lactate/sulfate and lactate/nitrate media 5.

many other corrosion processes, is essentially due to elec-
trochemical reactions; therefore electrochemical tech-
niques are necessarily good tools to evaluate, monitor, and
understand biocorrosion both in field and laboratory stud-
ies. Extensive electrochemical studies of mild steel sam-
ples exposed to the bacteria cultures of Desulfovibrio
desulfuricans ATCC 27774, in either the lactate/sulfate or
the lactate/ nitrate medium, have been performed in our
laboratory®1°.

Cyclic voltammograms (CVs), open circuit potential
curves, and redox potentials of mild steel in lactate/sulfate
and lactate/nitrate media will be reported in this paper.

Electrochemical data is complemented with scanning
electron micrographs and other techniques.

Materials and Methods

Studies were performed with pure cultures of the strain
Desulfovibrio desulfuricans ATCC 27774, grown in a lac-
tate/sulfate or a lactate/nitrate medium with the composi-
tion as given in Table 1. The media were prepared by
sequential addition of the compounds to pure water. The
pH was adjusted to 7.6 after deaeration with pure nitrogen,
and the solutions were sterilized at 120 °C for 30 min. Inoc-
ulates were made at 10% (v:v) injections of steady-state (1
day) cultures.

Steel samples were made from steel with the nominal
composition given in Table 2.

All experiments were performed at 37 °C (optimum
growth temperature for the strain under study).

The open circuit potential of each system was measured
against acommercial saturated calomel electrode from Ra-
diometer®, model K401. The reference electrode was
placed in a separate compartment, connected to the main
solution by a KNO3 salt bridge. The working electrode, a
0.2 cm® mild steel disk was pre-treated, as described above.

A HP® 34401A digital multimeter connected by an in-
terface RS-232 to an IBM® PC model 80286, allowed auto-
matic data acquisition at short enough intervals to assume a

J. Braz. Chem. Soc.

Table 1. Chemical composition of the lactate/nitrate and lactate/sul-

phate media.

Lactate/Nitrate medium

Compounds Amounts / 1000 mL
NH4C1 2g
MgCl2.6H20 2¢g
K,HPO4 05¢g
NaNO3 24¢
FeCl2.4H20 0.007 g
CaCl, 020 g
Mineral complement 1 mL
Sodium Lactate 60% (w/w) 12.5 mL
Yeast extract lg
Cysteine 025¢g

Lactate/Sulphate medium

Compounds Amounts / 1000 mL
NH4C1 2¢g
MgS04.7H20 2¢g
K,HPO4 05¢g
NazSOq4 4¢g
FeS04.9H0 0.010 g
CaCly 020 g
NasS. 9H20 025¢g
Wolfe’s minerals 1 mL
Sodium Lactate 60% (w/w) 12.5 mL
Yeast extract lg
Cysteine-HCl 025¢g

Table 2. Nominal chemical composition of mild steel (% p/p).

Fe C S
Bal. 0,71 0,015

Si Mn P
0,30 0,50 0,020

quasi-continuous measurement. For the measurements in
the bacteria cultures, inoculation was made at time t = 0.

Potentiodynamic curves were run with a PARC wave-
form generator, model 173, coupled to a PARC
potentiostat, model 178 and recorded on an x-y recorder
from Philips, model PM 8120.

A conventional three-electrode two-compartment glass
cell was used. The secondary electrode was a long helix of
Pt wire and the reference was a commercial saturated calo-
mel electrode (E® = 0.242 V vs. SHE).

Before each run the working electrode (a 0.2 cm? mild
steel disk) was polished when necessary, and then washed

and dried.
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Results and Discussion

Open circuit potential measurements

The open circuit potential, Eocp, of mild steel in the vari-
ous media under study was followed and stored over 50 h of
exposure. The corresponding Eocp vs. time curves are given
in Fig. 2.

During the first 20 h of exposure in the absence of the
bacteria culture the Eocp kept an almost constant value of
-600 and -625 mV vs. SCE in the lactate/nitrate and the lac-
tate/sulfate media, respectively. Thereafter, in the lac-
tate/nitrate medium, Eocp is slightly displaced in the
negative direction (-600 to -625), while in the lactate/sul-
fate medium a slight displacement in the positive direction
was observed (-625 to -600 mV vs. SCE). The presence of a
SRB culture in the lactate/nitrate medium leads to a slight
displacement of the potential in the negative direction dur-
ing the first 5 h, followed by a rapid increase in the positive
direction from -650 to -400 mV vs. SCE. In the lactate/sul-
fate medium with the SRB the E, also varies from -600 to
-400 mV vs. SCE, but at a slower rate, over 20 h of expo-
sure. Thereafter, strong and regular oscillations in the Eocp
values are observed, the average value being on the order of
-0.389 £0.009 V vs. SCE. On the other hand, in the lac-

(a) -300

E (mV vs. sce)

(b)

E (mV vs. sce)

Figure 2. Open circuit potential curves of mild steel in the (a) lac-
tate/nitrate and in (b) the lactate/sulfate media, in the absence (- - -) and
presence (—) of a SRB culture.
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tate/nitrate medium with SRB, large (-400 to -300 mV) and
long (5 h) oscillations are observed between 40 and 50 h of
exposure.

The results of the Eo, measurements showed that in
both culture media (lactate/nitrate and lactate/sulfate) the
SRB lead to a significant displacement of the corrosion po-
tential in the positive direction. This ennoblement may be
due to the formation of a passive film, the kinetics of which
are fast in the lactate/nitrate medium. The strong oscilla-
tions in the Eq;, after long exposures are also indicative of
the onset of localized corrosion, i.e., pitting due to the local
rupture or dissolution of the passive film. Videla'! has
demonstrated that the passive film formed under active
SRB biofilm may lead to a pitting attack of steel. However,
a definitive interpretation of the results cannot be obtained
based only on these measurements. Results need to be com-
plemented by additional data, such as redox potential mea-
surements and resistance polarization measurements.

The ennoblement does not directly demonstrate an in-
crease in the resistance to corrosion. It may be due to ki-
netic effects, thermodynamic effects, or both. On the other
hand, the ennoblement may be related not only to the an-
odic reaction, but also to changes in the cathodic properties
of the sample as a result of the microbial activity on the sur-
face.

Redox potential measurements

Table 3 gives the redox potentials obtained for the vari-
ous media under study.

In both cases, the redox potentials indicate, in agree-
ment with other data, an increase in the aggressivity of the
medium due to the presence of a bacterial culture.

The difference observed between the redox potentials
of both sterile media may be explained by the fact that the
lactate/sulfate medium has been poisoned which sulfide
(see Table 1) added to ensure a very reducing environment,
while in the lactate/nitrate medium the bacterial growth is
ensured only by deaeration.

The redox potentials in the presence of SRB in both me-
dia present about the same value ( -450 mV vs. SCE)

Cyclic voltammetry

Cyclic voltammetric experiments were performed for
mild steel immersed in the various media under study. Typ-
ical CVs recorded at 20 mV/s are given in Fig. 3. The CVs
show clearly no effects due to the SRB in the lactate/nitrate
medium between -1.5 and -0.4 V vs. SCE. At the upper po-
tential limit of about-0.4 V vs. SCE a decrease in the anodic
transpassive current due to SRB is clearly visible. In any
case the cathodic side of the CV shows only one peak lo-
cated around -1.0 V vs. SCE.

Completely different behavior is observed in the lac-
tate/sulfate medium. Both the anodic and the cathodic sides
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of the CVs are influenced by the presence of SRB. The
charge in the voltammetric curve increases over the entire

Table 3. Redox potentials for the various media under study.

Medium Eredox (mV vs. SCE)
Lactate/nitrate -167
SRB in lactate/nitrate -479
Lactate/sulfate -362
SRB in lactate/sulfate -444
(a) 10
54
L 0
()
<
£
-5
210
- 1 5 T T T T T T T
-1.6 -1.2 -0.8 -0.4 0
E (V vs. SCE)
(b) 10

-1.6 12 0.8 0.4 0
E (V vs. SCE)

Figure 3. Typical CVs of mild steel in (a) lactate/nitrate and (b) lac-
tate/sulfate media, in the absence (- - -) and presence (—) of a SRB
culture.
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potential polarization region (-1.5 to 0 V vs. SCE), the ef-
fect being particularly strong in the transpassive region (at
about -0.4 V vs. SCE). Two cathodic peaks are observed at
-0.65 and -1.0 V vs. SCE, while in the absence of SRB, only
the cathodic peak around -1.0 V vs. SCE was recorded.
This is a clear indication that SRB in the lactate/sulfate me-
dium lead to the formation of Fe(III) species whenever po-
larizations higher than -0.4 V are applied. The H; evolution
reaction is also strongly catalyzed by SRB in the lac-
tate/sulfate medium.

Under the experimental conditions of Fig. 3, an hyster-
esis loop in the reverse scan is observed for both base cul-
tural media (lactate/nitrate and lactate/sulfate) in the
absence of SRB and also in their presence, but in this case
only in the lactate/nitrate medium. The crossover (hyster-
esis loop) is an indication of the onset of localized corro-
sion of the base metal (the formation of pits nucleating the
base metal after or simultaneous with the local dissolution
of the passivating film).

The occurrence of pitting in the absence of SRB is most
probably due to the amount of C1” in the mineral base media
(see Table 1). The high transpassive currents observed with
the bacteria culture in the lactate/sulfate medium, shown in
Fig. 3(b), clearly indicate the high aggressivity of the me-
dium induced by the microbial activity of the SRB culture
in the lactate/sulfate medium, most probably due to
changes in pH (production of organic or mineral acids),
leading to the electrochemical dissolution of the passivat-
ing film.

Pitting has been confirmed by SEM micrographs (see
Fig. 4). Figure 4 shows micrographs of the mild steel sam-
ples after 21 days of exposure in the lactate/sulfate and the
lactate/nitrate media in the presence of SRB (after biofilm
and corrosion products removal).

The photomicrographs given clearly show pits distrib-
uted over the surface of the steel samples exposed to SRB
cultures in both media; however the pits of the exposed
samples in the lactate/sulfate medium are small and more
uniform in shape, in agreement with open circuit potential
data.

Concluding Remarks

The presence of SRB shifts the corrosion potential to
more positive values, but introduces oscillations indicative
of localized corrosion; the potential oscillations are partic-
ularly well defined and regular in samples exposed to SRB
grown in the lactate/sulfate medium.

Without sulfate the results in the sterile medium and in
the SRB culture are similar, while in its presence their
strong influence is well demonstrated: the reduction of
SO,4> to S* or H,S is a key process in SRB-induced corro-
sion.
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Figure 4. Micrographs of mild steel samples after 21 days of exposure
to: (a) lactate/sulfate or (b) lactate nitrate medium, after removal of
biofilm and corrosion products.

The establishment of a mechanism for the anaerobic
corrosion of mild steel in a SRB culture in either a lac-
tate/nitrate or lactate/sulfate medium requires complemen-
tary studies, e.g., cell-counting, bacteria activity,
hydrogenase activity, depletion of nitrate, sulfate and lac-
tate, H>S/S? and pH evaluations, etc. Some of these studies
are in progress, and with them we expect to be able to corre-
late some of the variables and to make contributions in or-
der to support mechanisms already proposed.
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The use of other electrochemical techniques, namely,
microelectrodes, split-cells and noise analysis, may also
lead to useful data, particularly when localized corrosion is
involved.
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