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MICROBIAL DIRECT ELECTRON TRANSFER: A NEW PARADIGM IN ANAEROBIC BIOCORROSION OF STEELS ?
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Geobacteraceae are the most widespread microorganisms in soils and sediments in which microbial reduction of Fe(III) is an important process, either in the natural degradation of organic compounds or in their bioremediation. Geobacter species have been shown to be predominant microorganisms on electrodes harvesting electricity from the sediments. They have the capability to oxidize organic electron donor to carbon dioxide transferring the electron directly to electrodes [START_REF] Esteve-Núñez | Growth of Geobacter sulfurreducens under nutrient-limiting conditions in continuous culture[END_REF]. On the other side, the ability of Geobacter sulfurreducens to reduce nitrate to nitrite or fumarate to succinate with a graphite electrode serving as an electron donor has also been demonstrated [START_REF] Gregory | Graphite electrodes as electron donors for anaerobic respiration[END_REF]. Direct electron transfer to solid electrodes is achieved through periplasmic and outer membrane c-type cytochromes. Outer membranes proteins and even some kind of conductive pili that serve as biological nanowires are also involved in the electron transfer chains, mainly to Fe(III) and Mn(IV) oxides [START_REF] Holmes | Microarray and genetic analysis of electron transfer to electrodes in Geobacter sulfurreducens[END_REF]. The aim of this study was to assess the possible influence of G. sulfurreducens on the occurrence of corrosion of steels.

Working electrodes were 2 cm diameter cylinders made of mild steel XC45, 316L or 304L stainless steels. Reproducible surfaces were obtained by polishing successively with SiC papers. An Ag/AgCl electrode was used as reference and a platinum grid as a counter electrode. Experiments were carried out in 0.5 L cells, with continuous N 2 /CO 2 (80/20%) bubbling. G. sulfurreducens culture was grown under anaerobic conditions in ATCC medium as reported elsewhere [START_REF] Gregory | Graphite electrodes as electron donors for anaerobic respiration[END_REF]. Bacteria were then inoculated at 5% (v/v) in the same culture medium but with a lower concentration of acetate (1mM).

Electrodes were immersed in the solution under continuous N 2 /CO 2 flow. The microbial inoculum was injected after 24 hours. Fig. 1 shows the variation of the open circuit potentiel (E oc ) during 30 hours. Injection of 0.5% or 5% (v/v) G. sulfurreducens increased E oc by +0.22V and +0.35V respectively. Control experiments performed in the same conditions by injecting only the initial medium or the filtrate (0.2 µm filter) of the medium after a 5-day culture did not induce any significant changes in E oc .

Electrodes in the absence or the presence of bacteria were both covered with a black deposit, certainly because mild steel XC45 corroded in the culture medium, due to high chloride levels. It was consequently difficult to assess the different levels in corrosion. Therefore experiments were repeated with 316L and 304L. Injection of 5% G. sulfurreducens ennobled E oc of 316L stainless steel up to +0.18V, whereas E oc remained constant after adding the sterile medium or the filtrate from the bacterial culture. Similar E oc increase of mild steel up to +0.2 V has been reported due to the presence of sulphate reducing bacteria (SRB), which were claimed to promote corrosion cracking (Javaherdashti et al., in press). Large evolutions in E oc have also been reported in mixed cultures of SRB and iron oxidising bacteria [START_REF] Geiser | Microbially initiated piiting on 316L stainless steel[END_REF]Xu et al., 2007). Experiments performed with different initial concentrations of acetate indicated that the potential evolution was monitored by the depletion of the electron donor (acetate) in the medium, which forces G. sulfurreducens to use the material as electron source. Evolution in potential may thus be explained here by the capacity of this strain to implement direct electron transfer with conductive materials. SEM pictures and polarisation resistance measurements helped discussing the mechanism.

In conclusion, G. sulfurreducens induced an increase in the free potential up to +0.35 V on mild steel and stainless steels, which is controlled by the initial amount of bacteria inoculated and the concentration of electron donor in solution. These preliminary results may introduce for the first time into the framework of biocorrosion the new mechanism of microbial direct electron transfer. Besides, preliminary results allow assessing the possibility to use G. sulfurreducens to design protective biofilms.
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 1 Fig.1: Evolution of the free potential as a function of time for XC45 mild steel in the absence and presence (5% and 0.5%) of G. sulfurreducens;1mM acetate.