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Abstract-The corrosion behaviour of austenitic and ferritic stainless steels (316L and 430Ti) in the presence of

sulfate reducing bacteria, was investigated by several electrochemical techniques which were coupled with

corrosion measurements on coupons and chemical analyses. Experiments were performed with Desulfovibrio

vulgaris and Desulfovibrio gigas in three growth media containing lactate and sulfate. The decreases in corrosion

potentials were correlated to the increase in sulphide content. The polarisation curves showed also the major

influence of sulphides on the passivity of stainless steels. Electrochemical impedance measurements were used to

provide information in understanding the interactions between growth media or bacteria and stainless steels

surfaces. The behaviour of the tested stainless steels in these conditions was mainly dependent on sulphide

concentrations.

INTRODUCTION
Microbiologically Influenced Corrosion (MIC) is recognized as a concern in many industries
[1], including nuclear industry [2, 3] which presents a wide diversity of environments where
microbes can grow or survive and where structural materials susceptible to MIC are used
(table 1). The long stagnant periods associated with the construction and/or the operation of
nuclear facilities contribute also to the development of microbial activity and may produce
corrosive conditions that affect all the commonly used materials.

Stagnant or low flow conditions and Sulphate Reducing Bacteria (SRB) appear often to
be the prevalent contribution to MIC in many nuclear installations. As stainless steels are the
most commonly used materials in many of these installations, experiments have been
performed to assess the corrosion behaviour of austenitic and ferritic stainless steels in
contact with SRB under stagnant conditions.

"The sulphate reducing bacteria are a bizarre group of microbes" [4]. Beside this
"property", the SRB are a class of strict anaerobic bacteria which conduct dissimilatory
sulphate reduction. But they include a diverse collection of different types of organisms which
have different requirements in regard to nutrients at least. The two strains used in the
following experiments are Desulfovibrio vulgaris (NCIMB 8303) and Desulfovibrio gigas
(NCIMB 9332) [5}. They are gram-negative, they do not form spores and they oxidized lactate
to yield acetate and carbon dioxide. Their major end products are sulphide, acetate and
carbon dioxide. These two strains have also the same growth media and do not need sodium
chloride to develop [4, 5]. The corrosion experiments with D. vulgaris and D. gigas can be
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TABLE l : MICROBLALLY INFLUENCED CORROSION AND NUCLEAR INDUSTRIES

Soils
Natural fresh waters

Treated waters

Carbon steels

Copper alloys
Stainless steels

Environment

Materials

waste disposal
power plant (condenser)

power and reprocessing plants

waste disposal, power plant

power plant
power and reprocessing plants

waste disposal

TABLE 2 : CULTURE MEDIUM

Sodium Iactate (60 %) 11.2 ml

Sodium sulphate Na2SO4 10.0 g

Magnesium sulphate MgSO4,7 H2O 5.0 g

Ammonium chloride NH4Cl 25 g

KH2PO4 1.25 g

Yeast extract (DIFCO) 25 g

Trace elements (Fe, B, Mn, Co, Zn, Ni,...) 25 ml

Ascorbic acid (if specified) 0.25 g

Sodium sulphide (if specified) 0.30 g

Deionized water 2500 ml

TABLE 3 : CHEMICAL COMPOSITIONS OF THE TESTED STAINLESS
STEELS (WEIGHT %, BALANCE WITH FE)

AISI Carbon Chromium Nickel Other

316L 0.016 17.09 11.23 Mo : 2.03
430Ti 0.020 16.23 0.20 Ti : 0.44
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performed with lower chloride level than if marine strains were used and the localized
corrosion of stainless steels due to chloride is minimized.
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EXPERIMENTAL PROCEDURES

The composition of the culture medium is given in table 2. The pH was adjusted to 7.1 using KOH solution. For

some experiments, ascorbic acid or sodium sulphide were added to the standard medium. The chloride

concentration was around 1.8 g.kg in the bulk solution. After deaeration by boiling and by argon bubbling, the

culture medium was sterilized by autoclaving at 122°C for 20 minutes (tests with ascorbic acid) or by filtration at

0.22 m (all the other tests).

The compositions of the two tested stainless steels are presented in table 3. The specimens were cut in a 1.0

mm thick plate and were used "as-received" after being degreased. A PTFE film covered the electrical connections

of the electrodes which had an exposed free area of 1.0 cm (tests with flasks) or 18 cm (tests with fermenter). AU

the electrodes were sterilized by dry heating at 132°C for 24 hours.

Reported experiments were performed with 70 ml flasks or with a 5 liter fermenter. In both cases, the

bacteria grew under batch culture condition at 32°C without stirring.

The 70 ml sterile flasks were open under sterile air. One sterile stainless steel electrode was introduced in

each flask with SO ml of sterile culture medium and S ml of inoculum (bacterial solution). Then the 70 ml flask was

sealed. At the end of the incubation time, the flask was opened under a sterile argon flux and samples were taken

for chemical analyses, pH measurements and optical density measurements (450 nm). Then a platinum counter

electrode and an Ag-AgCl reference electrode were introduced for electrochemical measurements if needed.

Three corrosion experiments were performed also in a S liter fermenter where 4 stainless steels electrodes

of 18 cm" were immersed. The equipped fermenter was sterilized by U.V. for 72 hours. The culture medium was

introduced in the fermenter through series of 0.22 m filters and 10 % inoculum was added. The electrochemical

monitoring (corrosion potentials and impedance measurements) was performed with a titanium counter electrode

and an Ag-Ag2SO,| reference electrode which had been previously sterilized in ethyl-alcohol.

The electrochemical measurements were performed with a 1286 Electrochemical Interface and a 1250

Frequency Response Analyser (Schlumberger apparatus). Electrochemical Impedance Spectroscopy (EIS) has

been used to follow the metal/solution interface. EIS measurements have been taken over a range of frequencies

from 10 "" to 10^ Hz with 10 mV sinusoidal polarizations around the corrosion potential. Lower frequencies were

not gathered because microbial films are not static like paint or metal oxide films, but microbial films are rather

dynamic entities. Potential current density curves have been performed at the sweep rate of 3 V/hi. This rather

rapid sweep has been chosen because MIC involves the action of relatively fragile microbial films that may be

affected by the changes of the environment due to the polarization.

The experimental matrix (table 4) includes experiments with three culture media : the standard medium, the

standard medium with addition of ascorbic acid but without sodium sulphide and the standard medium with

addition of sodium sulphide but without ascorbic acid. The maximum duration of tests was 1000 hours.

RESULTS AND DISCUSSIONS
Chemical evolution (pH and sulphides)

The dissimilatory sulphate reduction by SRB leads to the formation of sulphide ions
during the growth of the bacteria. The equilibria between sulphide species in aqueous
solution are complex [6]. For instance, if only S", HS" and H2S species are considered, their
respective concentrations are a pH function as shown in figure 1.
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TABLE 4 : EXPERIMENTAL MATRIX

Test

in
5 liter

fermenter

in
70 ml
flasks

Bacteria

D. vulgaris
D. vulgaris

sterile

D. vulgaris
D. vulgaris

D.gigas
sterile
sterile

Culture Medium

Standard
with sodium sulphide
with sodium sulphide

standard
with ascorbic acid
with ascorbic acid

standard
with ascorbic acid

Number*

1
1
1

10
6

6

316L

Maximum
Duration

1000 h
950h

1000 h

748 h
800h

724 h

Number

1
1
1

10

10
4
6

430Ti

* Maximum
Duration

1000 h
95Oh

1000 h

26XIh

70Oh
412 h
748 h

\

i

• Number means number of test in 5 liter fermenter (4 coupons) or in 70 ml flasks (1 coupon by flask).

Figure 1. H2S, HS", S" species in water at 25°C [6]

As described in the experimental matrix (table 4), series of tests have been performed in
a culture medium which did not contain ascorbic acid (standard medium). The initial pH was
adjusted to 7.1 + 0.1 but during the bacterial development, this pH increased to reach 8.4 ±0.1
after around 20 hours. Then it was rather stable for a long period (pH < 8.8). With pH values
between 8 and 9, HS" species are predominant in solution.

Other tests have been performed with ascorbic acid added to the standard culture
medium. Then, pH was more stable : between 7.0 and 7.6. In that case, the H2S level in
gazeous phase is no longer négligeable and could be predominant. Small pH variations in the
range of 7.0 - 7.6 may induce large sulphide level variations in the culture medium. So, even
without any precipitations (FeS for instance), the sulphide levels (HS" + S") could be very
different even after small incubations times and with nearly the same bacteria growth
(checked by optical density measurements).
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Figure 2. Evolution of the corrosion potential of the 430Ti stainless steel as a function of incubation time (D.
vulgaris -culture medium without ascorbic acid)
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Figure 3. Evolution of the corrosion potentials as a function of incubation time (D. vulgaris or D. gigas, culture with
ascorbic acid)



Corrosion potentials and sulphide levels
Without ascorbic acid addition in the culture medium, the sulphide concentrations in

the solution fluctuated between 30 mg.kg"1 to 200 mg-kg"1 after 20 hours of incubation.
During these experiments, the corrosion potentials of 316L and of 430Ti were always lower
than - 03 V/ECS and more often lower than - 0.4 V/ECS (figure 2).

The results obtained during the tests performed with ascorbic acid are reported in figure
3 : corrosion potentials are lower than - 0.4 V/ECS when sulphide concentrations are higher
than 30 mg.kg"\ but they are between zero and - 0.4 V/ECS when there are no sulphides
(sulphide level lower than the analytical detection limits : < 1 mg-kg"1). In figure 3, the
sulphide concentrations are the data in brackets near the experimental points. Optical density
measurements at 450 nm did not indicate any differences in the bacterial growth between
these tests.

Following these observations, the corrosion potentials of 316L and 430Ti are strongly
dependent on sulphides rather than the number of SRB or the strain or the incubation time.

Potential current density curves
Potential current density curves have been systematically determined during the tests in

70 ml flasks. Figures 4 and 5 illustrate the results : in sterile media, the anodic curve shows a
passive region with low corrosion current density 10"J to 10 mA.cm (figure 4). The same
results are obtained with low sulphide concentrations ( < 1 mg.kg"*). With higher sulphide
concentrations (30 to 200 mg-kg"1), the level of the plateau reaches 0.1 mA.cm"^ and there is
a large hysteresis loop which may indicate a greater susceptibility to localized corrosion
(figure 5). The same results have been observed with D. gigas and D. vulgaris, with 316L and
430Ti electrodes.

These experimental results suggest that sulphide level is the main parameter of the
corrosion behaviour of the two tested stainless steels in our experimental conditions.

Impedance diagrams
The evolution of impedance diagrams with the incubation time is illustrated in figure 6.

At the beginning of the tests, Nyquist plots have the caracteristic shape of passive stainless
steels ones with a large chaTge-tranfer resistance. Such plots have been observed with 316L
and D. gigas or with sterile media until the end of the tests.

During all the other experiments, the evolution of impedance plots versus incubation
time seems to indicate a drastic decrease in the charge-tranfer resistance (figure 6) which
might be interpretated as a large increase in corrosion process on electrodes. But no corrosion
have been observed and only some pits where observed on one eletrode of 430Ti with D.
vulgaris in culture medium with addition of sodium sulphide after 800 hours (figure 7).

The evolution of impedance diagrams is problably not due to a corrosion phenomenon,
but rather to interactions between stainless steels and bacteria at the interface. For instance it
couid be the formation of an organic and porous layer (microbial film) similarly to the
evolution of diagrams obtained with organic paints [7]. This interpretation is coherent with
the experimental conditions (no stirring, stagnant conditions) and with the observations
performed by Scanning Electron Microscopy on electrode surfaces (figure 8).
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Figure 4. Potential current density curve obtained with 316L stainless steel in sterile medium

CM

CJ

•a

ai

0,0 1,0
Volts/ECS

+2,0

Figure 5. Potential current density curve obtained with 316L stainless steel and in culture medium with ascorbic
acid (£>. vulgaris - 216 h S" = 30 m^kg"1)
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Figure 6. Evolution of Nyquist plots with incubation time (316L - D. vulgaris - standard culture medium with
sodium sulphide addition)
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Figure 7. Pits oberved on 430Ti after 950 h with D. vulgaris in standard culture medium with added sodium
sulphide
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CONCLUSIONS
The chemical and electrochemical study of the corrosion behaviour of austenitic and

ferritic stainless steels (316L and 430Ti) in cultures of D. gigas and D. vulgaris, has shown that,
in our experimental conditions (320C, stagnant conditions,...) :
- there is no significant differences between the electrochemical behaviour of 316L and of

430Ti. Some pits have been observed only on one 430Ti electrode after 800 h (D. vulgaris,
standard medium with added sodium sulphide).

- Sulphide levels in solution appear to be the main parameter of the corrosion behaviour of
the two tested stainless steels, rather than the incubation times, the strains (D. gigas or D.
vulgaris), or the other SRB end products (acetate and carbodioxide)...

These results are consistent with the corrosion behaviour of stainless steels in aqueous
media : a good resistance of 430Ti and often a better one of 316L. More severe environments
may be induced by SRB, but electrochemical reactions are the same with MIC and with
"classic" corrosion even if the interactions between stainless steels and bacteria at the
interface need more investigations.
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Figure 8. 430Ti surface observed after 312 h with D. gigas by Scanning Electron Microscopy (direct SEM
observation, no treatments, shapes of D. gigas are visible)


