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1. INTRODUCTION

Several microbial studies have been recently performed in nuclear power stations. These
studies concerned essentially the formation of biofilms on submerged metal coupons [1]-[3].
Heterotrophic micro-organisms have been found in bulk water of nuclear fuel storage basins [1]
but the in situ nutrient sources for bacterial development in such highly oligotrophic water was
unknown.

In nuclear environments, radiations lead to the production of molecular hydrogen, hydrogen
peroxide and some radicals (OH., O2

-.) by radiolysis of water or embedding matrices [4]-[6].
Bacterial oxidation of molecular H2 commonly occurs in nature, as molecular hydrogen represents
a high-energy reductant [7]. We investigated the microbiology of a ultra-pure water basin
containing irradiating waste. The initial aim of this study was to determine if autotrophic bacterial
growth was possible in this basin. A major bacteria was isolated (Ralstonia sp. GGLH002) which
was able to grow autotrophically with hydrogen as the electron donor and oxygen as the electron
acceptor, and heterotrophically with organic nutrients (Galès et al., submitted). Its hydrogenase
activity has been characterized. We focused then our study on the effects of this strain on 304L
AISI stainless steel depending on the nutrient source used for bacterial development, e.g hydrogen
or organics.

2. EXPERIMENTAL

Water quality



The study was achieved in a basin containing irradiating waste submerged in ultra-pure
water. Concentrations of nitrate, nitrite, ammonium, sulphate and phosphate were measured by a
ionic chromatography system equipped with conductivity detection. Dissolved oxygen and redox
potential were measured with a multi-parameters analyzer (Fisher Bioblock). Organic carbon was
measured with a TOC analyser (Shimazu).

Water sample collection

Water samples were collected under sterile conditions, by submerging 50 ml sterile
polypropylene tubes. Samples were then quickly transported to the laboratory for analyses.

Isolation and cultivation of bacterial strains

Heterotrophic conditions

Counts of viable aerobic bacteria were achieved by plating on Plate Count Agar (PCA)
medium (Difco). Plates were incubated at 30 °C overnight. Colonies were then picked and purified
several times by successive streaking.

Autotrophic conditions with dissolved gas as electron donor/acceptor.

            Autotrophic conditions were obtained in a liquid mineral medium with no organic nutrients
(composition given in Table 2). Bottles of 100 ml were used, sealed with a rubber cap allowing
continuous gas bubbling. Aerobic conditions consisted in the use of mineral medium (composition
given in Table 1.) and a mixture of dissolved gases: H2, 2 %; O2, 5 %; CO2,1 %; N2, 92 %. Counts
of viable and culturable bacteria were obtained with the MPN (most probable number) method.
Isolation of colonies was performed by plating on mineral medium supplemented with agar (15 g l-

1).

Bacterial identification

Dominant bacterial strains were identified by 16S rDNA sequencing according to a
previously described protocole [8,9]. 16S rDNA is like an « universal identity card » whose
sequence is characteristic of a given organism.

Characterization of the hydrogen metabolism by measurement of hydrogenase activity

Pure bacterial strains obtained on agar plates under autotrophic conditions were grown on
liquid autotrophic medium incubated with the gas mixture cited above (H2, 2 %; O2, 5 %; CO2, 1
%; N2, 92 %).

The method used for the mass spectrometric measurements of gas exchange was previously
described [10]. The principle of the kinetic measurements of H2 production, H2 uptake, proton-
deuterium (H-D) exchange, O2 uptake or production, CO2 uptake has been described previously
[11]. The set-up also allowed us to determine the in vivo hydrogenase activity by the use of
hydrogen isotopes for the H-D exchange reaction in which D2 disappears and is quantitatively
replaced by HD and H2. Isotopic exchange was measured by adding deuterium into the measuring
chamber and closing the chamber just after reaching the solubility equilibrium. Experiments took



place in organic LB medium (l-1 : 10 g tryptone, 5 g yeast extract, 5 g NaCl) and in mineral
medium (composition  given in Table 1).

Electrochemical experiments

All these experiments were conducted after we isolated and characterized the hydrogenase
activity of a major bacteria inhabiting the basin, Ralstonia sp. GGLH002.

Materials

A stainless steel (AISI 304L SS), mainly used in ultra-pure water construction has been
chosen as a reference. Its composition is given in Table 1. All experiments were performed in 0,3
dm3 reactors using a conventional three electrodes electrochemical cell with a platinum auxiliary
electrode, a working electrode made of AISI 304L SS, and a saturated calomel electrode (SCE) as
reference. Samples for free potential monitoring and Mott-Schottky plots were cut from AISI
304L SS with surface area of 1 cm2. The edges of the surfaces were coated with an epoxy resin,
leaving only the polished disk surface (with 500 and 1200 grit emery paper then rinsed with
distillated water, dried and passivated overnight) exposed to the solution.

Cr 17.38 %
Ni 8.28 %
C 0.053 %
Si 0.48 %

Mn 1,42 %
Fe 72.38 %

Table 1!:! AISI 304L Stainless Steel composition

AISI 304L SS was tested in a mineral liquid medium (composition given in Table 2)
supplemented with gases (H2  2 %, 02  5 %, CO2 1 %, N2 92%) continually stirred during the
experiments.

100 ml of Ralstonia sp. GGLH002 cultured in heterotrophic condition (LB medium) were
introduced in the reactor. Autotrophic and heterotrophic conditions were fixed as follows:  the
bacterial culture began in autotrophic conditions and in the heterotrophic conditions, we added 3
ml of liquid LB medium (composition given above) in all electrochemical cells. The size of the
bacterial population and the sterility of the abiotic control were monitored by plating 50 ml of
suspension on LB medium at the end of the experiments.

Electrochemical measurements

We focused our study on the short-term effects of the bacteria (e.g 48h). Each sample was
connected to a multi-channel acquisition system (Gamry). The evolution of free corrosion
potential has been followed during the immersion. Mott-Schottky plots have been performed
using a Gamry Instruments potentiostat, with the EIS300 software according to a protocol
previously described [12]. Capacity measurements were conducted with 1580 Hz frequency, in
potential domain from +0.5 to –0.75V per SCE, by 0.05 V steps.



Mott-Schottky analysis

We assumed that the capacitance of the space charge layer CSC was much less than that of
the Helmholtz layer, thus the electrode capacitance was equal to CSC. The Mott-Schottky
relationship expresses the potential dependence of the capacitance (CSC) of a semiconductor
electrode under the conditions [13]:

CSC
-2 = (2/ee0eND)(E-Efb-kT/e) for an n-type semiconductor and

CSC
-2 = -(2/ee0eNA)(E-Efb-kT/e) for a p-type semiconductor

where e is the dielectric constant of the passive film (taken as 12 J.m-1 according to [13]); e0 is
permittivity of the free space; ND and NA are the donor and acceptor densities respectively; Efb  is
the flat band potential; e is the electron charge; k the Boltzmann constant and T the absolute
temperature. The system was taken as a series RC circuit.

The donor density was estimated by the slope of linearly fitted Mott-Schottky plots, the
flat band potential was obtained from the extrapolation of 1/C2 to 0.

Bacterial colonization of AISI 304 SS was observed by direct microscopic analysis.

Component Concentration

KH2PO4 1.36 g l-1

Na2HPO4 0.6  g l-1

MgSO4, 7H2O 0.7  g l-1

NH4Cl 1.0  g l-1

CaCl2 0.1  g l-1

SO4Fe, 7H2O 0.02  g l-1

CuSO4, 5H2O 5 mg l-1

H3BO3 10 mg l-1

MnSO4, H2O 10 mg l-1

ZnSO4, 7H2O 10 mg l-1

Mo7O24(NH4)6, 4H2O 100 mg l-1

Co(NO3)2, 6H2O 10 mg l-1

NiSO4, 6H2O 100 mg l-1

Table 2 : Composition of the mineral medium



3. RESULTS

Physico-chemical analysis of the basin

Results of the physico-chemical analysis are summarized in Table 2. The medium is an
oligotrophic oxygenated water. pH was slowly acidic (from 4.7 to 6.0). Its originality, regarding to
natural environments lies in the fact that both oxygen and hydrogen are present in non negligeable
quantities.

Parameter Value
Temperature 30-37 °C

pH 5.5
Eh 400 mV (ENH)

Conductivity 1 mS cm-1

Radioactivity 10000 Bq l-1 (mainly 60Co)
Sulphate concentration 18-22 mg l-1

Nitrate concentration 15-40 mg l-1

Phosphate concentration 0.6 mg l-1

Molecular hydrogen concentration
(computed)

6,6 ±1.8 mM

[ O2 ] 3.8-7 mg l-1

[ TOC ] 12 mg l-1

[ DOC ] 11 mg l-1

[ POC ] 1 mg l-1

Table 3: Physico-chemical parameters of the water.

Analysis of the bacterial populations inhabiting the basin

Under heterotrophic plating conditions, the average number of total viable and culturable
bacteria in basin water was estimated at 1 ± 0.5 x 105 cfu ml-1 which is about the same as in
autotrophic and aerobic plating conditions. Strains of Ralstonia most probably represented the
dominant populations growing in the basin, because they were found in both conditions of culture
(heterotrophic and autotrophic) and they far outnumbered the other bacterial populations. The
closest rrs gene sequence of strain GGLH002 rrs gene partial sequence was that of Ralstonia
pickettii. This strain will be named Ralstonia sp. Strain.GGLH002 (Galès et al., submitted). The
presence of the three gases (H2, O2 and CO2) was required in autotrophic conditions, indicating
that O2 should be the terminal electron acceptor for molecular hydrogen oxidation.

Analysis of the hydrogen metabolism of a major strain isolated from the basin

The hydrogen metabolism of this strain was investigated by measuring hydrogenase activity.
We determined the capacity of Ralstonia sp. strain GGLH002 to catalyze the H+/D2 exchange



reaction, i.e. to evolve HD and H2 from D2 and H+, and measured the total hydrogen species S (i.e
D2+HD+H2) uptake. It appears therefore that a significant hydrogenase activity occurred but that
hydrogen utilization was scarce in the LB medium. As the culture became rapidly anoxic in the
set-up, it can be hypothesized that hydrogen utilization was limited by the lack of O2 as an electron
acceptor.

In autotrophic conditions, a significant hydrogenase activity occurred, and hydrogen uptake
was strongly correlated with O2 consomption (Galès et al., submitted). Therefore, we assume that
Ralstonia sp. GGLH002 uses the “Knallgas reaction” (i.e H2 + 0,5 O2 = H2O) for its
development in autotrophic conditions.

Characterization of the effects of Ralstonia sp. GGLH002 on AISI 304L SS.

Direct observation by microscopy showed that the AISI 304L SS was colonized by bacteria
in both conditions. A small bacterial contamination was found in the abiotic control in
heterotrophic conditions (103 bacteria.ml-1), but there was no seeable biofilm formation on the
working electrode. Bacterial population size was 7*104.ml-1 in autotrophic conditions (about the
same as in the basin) and about 108-109.ml-1  in heterotrophic conditions, which is much greater.
Figure 1. shows the evolution of free potential in heterotrophic conditions. Ecor increased  faster
in abiotic conditions. This is an unusual result : several authors show that biofilm formation leads
to ennoblement of Ecor in seawater  [14] . Potentials of the auxiliary electrode (Pt) are higher than
potential of the working electrodes, which significates that the medium was oxidizing. Increase of
Ecor began immediately, whereas a « lag phase » of about 10 days is often described in natural
and industrial media. There is a strong difference between the cell inoculated with Ralstonia sp.
GGLH002 and the abiotic control : Ecor increased continually in the abiotic control to reach 0
mV, a value comparable to values obtained from natural freshwaters, whereas its evolution
stopped just after 15 hours in the cell inoculated with Ralstonia sp . GGLH002. Ecor increase is
correlated with an increase of the cathodic reaction and/or a decrease of the anodic reaction. The
evolution of Ecor in the electrochemical cell with Ralstonia sp. GGLH002 cultured in
heterotrophic condition could be correlated with an increase of the semiconductor properties of the
passive film. Mott-Schottky plots will give us a strong evidence for this hypothesis.

In autotrophic conditions, potential evolutions are different : potential values from the
auxiliary electrode (Pt) did not evolve and were about +200 mV in the abiotic control, and +120
mV in the cell inoculated with our strain. Ecor was about –100 mV in both cells. It seems that
Ralstonia sp. GGLH002 does not have significant effect on AISI 304L Stainless Steel. This fact
must be confirmed by Mott-Schottky plots



Figure 1 : evolution of free potential in heterotrophic conditions (304L corresponds to the

working electrode, and Pt to the platinum electrode).

Mott-Schottky plots in heterotrophic conditions showed a greater slope with n-type
semiconductor characteristics in microbiologically influenced conditions than in abiotic control
(Figure 2.). So we can say that, in heterotrophic conditions, the semiconductor properties of AISI
304L Stainless Steel are enhanced by the bacterial development. It could be explained by the
decrease of the donor density, correlated with the increase of the space charge layer thickness
[13].

Autotrophic conditions and abiotic control did not show significant difference in the
semiconductor properties of the passive film (Figure 4.). These findings demonstrate that
hydrogenase activity in aerobic conditions do not have significant impact on AISI 304L SS
although oxygen reduction is thought to be responsible for Ecor enhancement in seawater [14].
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Figure 2: Mott-Schottky plot in heterotrophic conditions after 48h

Figure 3: Mott-Schottky plot in autotrophic conditions after 48h

Mott-Schottky plot in autotrophic conditions 

0

2

4

6

8

10

12

14

16

18

20

-1 -0,5 0 0,5 1

V/ECS

1
/

C
2

 (
m

ic
ro

F
-2

.c
m

4
)

Ralstonia 1 
Ralstonia 2 
abiotic control

Mott-Schottky plot in heterotrophic conditions

0

1

2

3

4

5

6

7

8

-1 -0,5 0 0,5 1

V/ECS

1
/

C
2

 (
m

ic
ro

F
-2

.c
m

4
)

Ralstonia 1
Ralstonia 2
abiotic control



                                                              

In autotrophic conditions, there is no significant effect of hydrogenase activity on the
semiconductor properties. Nevertheless, comparison of abiotic control in both conditions
conditions shows that there is a net decrease in donor densities (see Table 3) which could be
related to the increase of the space charge layer in autotrophic conditions. Thus, there is a strong
effect of organic contaminants in this kind of environment: the mechanisms of the bacterial
moderation of these effects has to be discussed.

Abiotic control
Heterotrophic

conditions

With Ralstonia sp.
Heterotrophic

conditions

Abiotic control
Autotrophic
conditions

With Ralstonia sp.
Autotrophic
conditions

Donor density
(m-3)

13.8*1027 9.1*1027 3.21*1027 3.24*1027

Ufb
(V/ECS)

-0.45 -0.47 -0.52 -0.52

S (bacteria.ml-1) 103 108 - 105

Table 3: semiconducting properties of the passive layer of AISI 304L Stainless Steel after
48h in both conditions

Our results show that in certain conditions (heterotrophic conditions), bacterial activity
should protect the passive layer of Stainless Steels.

4. DISCUSSION

In this work, we investigated the action of a major bacteria Ralstonia sp. on stainless steel,
and described the effect of the type of metabolism used by the bacteria on the free corrosion
potential (Ecor) and passive film by Mott-Schottky analysis. Ralstonia sp is indeed a mixotrophic
bacteria, e.g this bacteria can grow autotrophically (without needing an organic nutrient source)
or heterotrophically (using an organic nutrient source).

We investigated the microbiology of an unusual oxic environment containing dissolved
hydrogen due to radiolysis of water focusing on the putative autotrophy of hydrogen-oxidizing
bacteria. The chemistry of such an environment was unusual, because the medium was oxidising
whereas H2 was present in high concentration. The autotrophic strain Ralstonia sp. GGLH002 was
identified as the major culturable bacteria in the basin. We showed that this strain grew with
molecular H2 as the sole source of energy and CO2 as the sole carbon source. It belongs to
autotrophic hydrogen-oxidizing bacteria using O2 as the main terminal electron acceptor (as no H2

uptake took place in anoxic conditions). The genus Ralstonia could be characteristic of highly
oligotrophic environments since it occurs very commonly in ultra-pure water industrial system
[15].

The role of hydrogenases in anaerobic corrosion has been documented [16,17]. We wanted to
investigate the role of hydrogenases in aerobic interactions between micro-organisms and
stainless steel. Only short-term effects have been studied (e.g 48 hours). Autotrophic conditions



correspond to standard exploitation conditions, whereas heterotrophic conditions correspond to
accidental organic contamination. Ralstonia sp. GGLH002, a mixotroph bacteria is able to
develop in both condition, having a measurable hydrogenase activity.

There is a strong effect of organic contaminants on AISI 304L SS in oxidizing conditions: it
seems that organic matter, in conditions where hydrogen and oxygen are both present, alter
semiconducting properties of the passive film (Fig. 2 and 3). Ralstonia sp. GGLH002 could
moderate this effect, since it consumes organic matter, or rather decreases the hydrogen
concentration in the electrode environment. Some authors [18] showed that molecular hydrogen
decreased Ufb and the space charge layer of an alloy passive film. Generally, molecular hydrogen
destabilizes passive films of stainless steels, and enhances pitting corrosion. The lower effect of
the bacterial strain in autotrophic conditions should be correlated with the lower level of
bacterial contamination in these conditions (7.104 cfu.ml-1 vs 108-109 cfu.ml-1).

For the moment, it seems that hydrogenase activity has not any effect on the corrosion
potential of AISI stainless steel in oxic conditions. Heterotrophic conditions simulate the effects of
an organic contamination in such ultra-pure water systems. Hydrogenase activity in heterotrophic
conditions tends to decrease donor density in the passive film, and enhances the semiconductor
properties of the passive film. This result should be confirmed by the study of the passive layer by
XPS.

5. CONCLUSION

The mechanism of passivation enhanced by Ralstonia sp. GGLH002 on AISI 304L SS still
remains unknown. Several techniques could give substantial informations, including XPS and
polarization curves. It seems for the moment that the major bacteria inhabiting an oxic
environment containing hydrogen due to radiolysis is not aggressive to stainless steel in conditions
near from its environment. Further investigations are needed to test this hypothesis, including a
study of the molecular diversity of the bacteria using culture-independent techniques, as cultivable
bacterial populations represent in general only a fraction of the total bacteria [19].
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