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Microbially induced corrosion of carbon steel in deep groundwater environment
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The metallic low and intermediate level radioactive waste generally consists of carbon steel and stainless steels. The corrosion rate of carbon steel in deep groundwater is typically low, unless the water is very acidic or microbial activity in the environment is high. Therefore, the assessment of microbially induced corrosion of carbon steel in deep bedrock environment has become important for evaluating the safety of disposal of radioactive waste. Here we studied the corrosion inducing ability of indigenous microbial community from a deep bedrock aquifer. Carbon steel coupons were exposed to anoxic groundwater from repository site 100 m depth (Olkiluoto, Finland) for periods of 3 and 8 months. The experiments were conducted at both in situ temperature and room temperature to investigate the response of microbial population to elevated temperature. Our results demonstrate that microorganisms from the deep bedrock aquifer benefit from carbon steel introduced to the nutrient poor anoxic deep groundwater environment. In the groundwater incubated with carbon steel the planktonic microbial community was more diverse and 100-fold more abundant compared to the environment without carbon steel. The betaproteobacteria were the most dominant bacterial class in all samples where carbon steel was present, whereas in groundwater incubated without carbon steel the microbial community had clearly less diversity. Microorganisms induced pitting corrosion and were found to cluster inside the corrosion pits. Temperature had an effect on the species composition of microbial community and also affected the corrosion deposits layer formed on the surface of carbon steel.
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Introduction

During the last two decades the Fennoscandian deep terrestrial biosphere has been extensively studied due to the geological repositories planned for spent nuclear fuel and radioactive decommissioning waste (Haveman and Pedersen, 2002; Itävaara et al., 2011; Purkamo et al., 2013; Bomberg et al., 2015; Rajala et al., 2015). Despite the extensive study of deep biosphere, the potential of indigenous microbial communities to induce corrosion under the prevailing environmental conditions is not well known. The assessment of microbially induced corrosion (MIC) of carbon steel in deep bedrock environment has become important for evaluating the long-term safety of disposal of low and intermediate level radioactive (LLW/ILW) waste. Such waste is produced during the operation, maintenance, and decommissioning of nuclear power plants (NPPs). The LLW/ILW produced in Olkiluoto NPP, Finland, has since 1992 been disposed into an underground repository excavated in to bedrock to a depth of 60–100 m below sea level [Teollisuuden voima Oyj (TVO), 2015]. The metallic portion of LLW/ILW generally consists of carbon steel and stainless steels.

In oxygen-free water, the corrosion rate of carbon steel is low, unless the water is acidic or microbial activity in the environment is high. In Olkiluoto NPP the LLW/ILW is packed into concrete silos or concrete boxes. Concrete generates a high pH environment, which in turn is assumed to reduce the corrosion rate of carbon steel (Rajala et al., 2014). Nevertheless, over the time the pH decreases, for example due to the carbonization of concrete.

The groundwater at the repository depth contains large microbial populations of up to 105 microorganisms mL-1 with considerable diversity of species (Haveman and Pedersen, 2002; Nyyssönen et al., 2012). Microorganisms may significantly contribute to the corrosion of metallic waste and can accelerate corrosion rates up to 1000–10,000 fold (Videla, 1996; Carpén et al., 2013). Microorganisms are able to affect various corrosion mechanisms, such as general corrosion and localized corrosion, the latter including pitting and stress corrosion cracking (Little et al., 1992). Sulfate-reducing bacteria (SRB), in particular, are known to cause corrosion of carbon steel (Bryant et al., 1991). Carpén et al. (2012) demonstrated that the corrosion rate might be as high as 10–63 μm a-1 in the repository environment and localized corrosion rates even higher. Such high corrosion rates in anoxic groundwater cannot occur without acceleration of the corrosion process by microbial activity. Especially microbial biofilm formed on carbon steel surface has been shown to accelerate corrosion (Little et al., 1992).

In nutrient poor conditions, such as in deep anoxic groundwater, microorganisms may significantly accelerate the corrosion rate of metals by using metallic iron as electron donor (Xu and Gu, 2011). Microorganisms are also able to produce corrosive agents, such as organic acids or sulfide, and consume hydrogen that is produced in the corrosion process (Little et al., 1992; Lee et al., 1995). As a consequence of the accelerated corrosion and increased solubility of the metal ions in acidic environments, radioactive nuclides may be released into groundwater and transferred to neighboring areas of the repository.

The aim of this study was to characterize microbial biofilms associated with corrosion, study the ability of the indigenous groundwater microbes to benefit from carbon steel, and compare the corrosion rate of carbon steel in groundwater at room temperature and in situ temperature. In general, elevated temperatures accelerate corrosion, but the effect of temperature on the corrosion-accelerating bacterial community is unknown. Electrochemical measurements are often conducted at room temperature instead of at in situ temperature. Therefore, the effect of temperature on the community composition of the biofilm formed on the surface of carbon steel was also studied.

Materials and Methods

Sample Collection

The experiment was conducted using the native groundwater from Olkiluoto VLJ-cave the geological disposal site of low and intermediate level radioactive waste (LLW/ILW) (61°14′13″N 21°26′27″E) from the drill hole located next to the repository silos. The drill hole was located at the depth of 100 m, which is the same level as the bottom of the repository silo and can be reached from the maintenance tunnel in the repository cave. Groundwater sampling was performed in June 2011. The groundwater was funneled into an anoxic glove bag (AtmosBag®, Sigma-Aldrich, St. Louis, MO, USA) without exposure to oxygen through a factory clean polyamide tube directly from the drill hole located in the cave wall. Anoxic conditions within the glove bag were maintained with constant N2 (99.999%) flow and anaerobic generators (Anaerocult® A, Merck, Germany). In the anoxic glove bag, microbial biomass for DNA extraction was collected from three parallel 250 mL groundwater samples on 0.22 μm pore-size Sterivex- filtration units (Millipore, Billerica, MA, USA) for DNA extraction. The filtration units were frozen on dry ice immediately after sampling.

Sterile, acid washed, 250 mL boro-silicate incubation bottles (Schott, Germany) each containing one carbon steel coupon (AISI/SAE 1005, 5 mm × 80 mm × 1 mm; Table 1) had been prepared in advance by autoclaving. The bottles were rendered anoxic under N2 flow inside the glove bag on site. The surface finish of carbon steel coupons was as received. The incubation bottles were filled with 250 mL groundwater and were subsequently sealed with tight fitting butyl rubber septum and open top cap within the glove bag to enable anoxic sampling from the incubation bottles. The carbon steel coupons were exposed to groundwater in the microcosms at room temperature or at 6°C, which represents in situ temperature of the repository cave, for 3 and 8 months. In addition, reference groundwater incubations without carbon steel coupons were prepared in order to observe the change in the microbial community during the incubation without the influence of carbon steel. Three replicate groundwater samples were prepared for microbiological analyses and corrosion analyses of each treatment, respectively.

TABLE 1. Composition of carbon steel.
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Groundwater Chemistry

The conductivity (Radiometer CDM92, Radiometer, France) and pH (HACH Sension 156, Loveland, CO, USA) of the groundwater was measured immediately on site. The chemical composition of the groundwater was analyzed at the TVO’s laboratory (Eurajoki, Finland). At the end of the incubation periods (3 and 8 months) the pH, conductivity, redox-potential and oxygen content of the water in each bottle were measured inside the glove bag to protect the samples from oxygen. Conductivity was measured as above, pH using a Orion 5-star pH meter, redox with a HACH Sension 156 meter and oxygen with a dissolved oxygen test kit (CHEmetrics, 0–1 ppm, Midland, VA, USA; 3 months exposure) or HACH Sension 156 m (8 months exposure).

Nucleic Acid Extraction

After the incubation periods (3 and 8 months) the carbon steel coupons were removed from the bottles under N2 flow inside the glove bag. Coupons for molecular biological analyses (three parallel coupons for each treatment) were stored in sterile 50 mL screw cap test tubes (Corning, Tewksbury, MA, USA) at -80°C. The microbial biomass from the water from each incubation bottle was collected on Sterivex- filtration units by filtration, and they were frozen at -80°C until DNA extraction. DNA was extracted from microbial biomass collected on filtration units from 3 replicate water samples. The biofilm DNA was extracted from the surface of the carbon steel as described by Rajala et al. (2014). Briefly, the carbon steel coupons were shaken in 10 mL sterile phosphate buffered saline (PBS) and Tween®20 (Merck, Germany; 1 μL Tween®20 1 mL-1 PBS) for 20 min at 150 rpm agitation followed by ultra sonication for 3 min. The removed biomass was then collected on Sterivex- filtration units. For DNA extraction, the filtration units were opened in a laminar flow hood with flame-sterilized pliers as described by Itävaara et al. (2011). DNA was extracted using the PowerWater DNA Isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) in accordance with the manufacturer’s protocol and eluted in 50 μL elution buffer supplied by manufacturer. Possible contamination from different reagents and sample handling was determined by including DNA extraction controls. These controls comprised unused Sterivex- filtration units and the same DNA extraction protocol as used for the samples. These negative reagent control extraction were performed in parallel with the DNA extraction of the actual samples.

Quantitative PCR

Quantitative PCR (qPCR) was used to determine the abundance of bacteria and sulfate reducers based on the amount of 16S rRNA and dsrB gene copies in the groundwater and in the biofilm. qPCR was performed in 10 μL reaction volumes using LightCycler 480 qPCR instrument and LightCycler 480 Software 1.5.0 (Roche Applied Science, Germany). The reaction mixture contained 1 μL DNA template, standard dilution or water, 1 × KAPA SYBR® FAST Universal qPCR Master Mix (KAPA Biosystems, Wilmington, MA, USA), 2.5 μM of both forward and reverse primer and nuclease free water. The primers used for the bacterial 16S rRNA gene qPCR were fD1 (Weisburg et al., 1991) and P2 (Muyzer et al., 1993) and for dsrB genes primers 2060F and dsr4R (Wagner et al., 1998; Geets et al., 2006). As a standard, a plasmid dilution series containing the corresponding gene insert (101–109 copies per reaction) was used. The PCR program consisted of an initial 15 min incubation at 95°C, followed by 45 cycles of denaturation at 95°C for 10 s, annealing at 55°C for 35 s and extension 72°C for 30 s, and with final extension at 72°C for 3 min. Sample fluorescence was measured at the end of each elongation phase. Subsequently, a melting curve was recorded, to test the specificity of the qPCR, with a program consisting of 10 s of denaturation at 95°C, 1 min of annealing at 65°C, and a melting and continuous measuring step rising gradually (20°C s-1) to 95°C. Three parallel qPCR reactions were performed for each extracted DNA sample, as well as for the no-template controls which were used to determine the background noise of the qPCR.

One-way analysis of variance and subsequent multiple comparisons analysis using Tuckey’s variance test was performed for qPCR results using the PAST software version 3.06 (Hammer et al., 2001).

DGGE Analysis of the Bacterial and Sulfate Reducing Community

The bacterial diversity was investigated by PCR-denaturing gradient gel electrophoresis (DGGE) analysis of 16S rRNA gene fragment and SRB diversity was investigated by PCR-DGGE analysis of the dissimilatory sulphite reductase gene (dsrB) fragment as described in Muyzer et al. (1993) and Nyyssönen et al. (2012), respectively. For the 16S rRNA gene targeted DGGE, a 193 bp fragment covering the V3 variable region of the bacterial 16S rRNA gene was amplified with primers P2 and P3 (Muyzer et al., 1993). The amplification was performed in 50 μL reaction volumes, containing 4 μL template or nuclease free H2O for no template controls, 1 × Dynazyme Reaction Buffer (Finnzymes, Finland), dNTP 62.5 μM each (final concentration; Finnzymes, Finland), 0.2 μM (final concentration) of both forward- and reverse primers (Eurogentec, Sweden), 1 U Dynazyme II polymerase (Finnzymes, Finland) and nuclease free H2O (Sigma, St. Louis, MO, USA). Formamide, 0.1 μL 10-1 μL reaction mix, was used for amplification of the 16S rRNA gene fragments. The amplification in all PCR reactions was carried out on a thermal PCR cycler (Mastercycler gradient, Eppendorf, Germany) using the following conditions: 95°C initial denaturation for 5 min, followed by 40 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1 min, with a final extension step at 72°C for 10 min. PCR products were visualized with agarose gel electrophoresis on a 1% agarose gel (LE-agarose, Lonza, Switzerland) in 1 × SB-buffer (Brody and Kern, 2004). The gel was stained with 1 × SyberSafe (Invitrogen, Carlsbad, CA, USA) and run at 300 V for 15 min. The 16S PCR products were resolved by DGGE on 8% acrylamide with denaturing gradient 20–65% at constant voltage of 65 V and temperature at 60°C for 18 h in 0.5 × TAE running buffer as described by Itävaara et al. (2011).

A 470 bp fragment of the dsrB gene was amplified with primers 2060F+GC and dsr4R (Wagner et al., 1998; Geets et al., 2006). The PCR program and reaction mixture were as described above. The dsrB PCR products were resolved with a denaturing gradient of 40–70% at constant voltage of 85 V and temperature at 60°C for 20 h in 0.5 × TAE running buffer. The gels were imaged and DNA from DGGE bands was prepared for sequencing as described by Nyyssönen et al. (2012).

The DNA fragments were sequenced at Macrogen Inc. (Korea) using primer P2 and dsr4R primer for the 16S rRNA and dsrB gene fragments, respectively.

Analysis of DGGE Profiles and Phylogeny

The obtained DGGE profiles were normalized and analyzed with the BioNumerics software version 5.10 (Applied Maths, Kortrijk, Belgium). During this processing, the different DGGE lanes were defined, background was subtracted, differences in the intensity of the lanes were compensated by normalization, and a correlation matrix was calculated. Clustering was done with Dice’s coefficient for similarity.

Sequences obtained from DGGE bands were imported into the Geneious Pro Software package (version 5.5.6, Biomatters Inc., New Zealand, Drummond et al., 2010) where they were manually checked, assembled and edited before subjecting them to phylogenetic analyses. The sequences were compared with the BLAST tool (blastn and blastx, http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990) to the sequences in NCBI databases. The closest matching sequences, relevant reference sequences and sequences of type strains were included in the phylogenetic analyses. The nucleic acid sequences of the bacterial 16S rRNA gene fragments were aligned using ClustalW (Thompson et al., 1994) in Geneious Pro, and the alignment was manually edited. The dsrB sequences were converted to amino acid sequences and aligned using ClustalW using default parameters. The alignments were checked and manually edited. Maximum likelihood analysis was performed using PhyML (Guidon and Gascuel, 2003) with the Jukes–Cantor substitution model (Jukes and Cantor, 1969) for the nucleic acid sequence alignments, and the Whelan and Goldman (WAG) substitution model (Whelan and Goldman, 2001) for the amino acid sequence alignments. Bootstrap support for the nodes was calculated on 1000 random repeats. Due to the high number of similar 16S rRNA and dsrB gene sequences, the sequences were grouped into operational taxonomic units (OTUs) according to their alignment. Each OTU consisted of 16S rRNA or dsrB sequences sharing over 97% similarity of the nucleic acid or amino acid sequence, respectively. One representative sequences was chosen from each sample for each phylogenetic group.

Accession Numbers

The obtained sequences (16S rRNA, dsrB) have been submitted to European Nucleotide Archive (ENA), and are available under accession numbers LN869402–LN869518.

Corrosion

After retrieving the carbon steel coupons for corrosion analyses they were immediately rinsed with ethanol (96%) and air-dried and stored in glass desiccators until analyzed. The representative coupons from both temperature treatments (RT and 6°C) were chosen for examination with an energy-dispersive x-ray spectrometry (EDS) coupled to scanning electron microscopy (SEM). The coupons were weighed, cleaned with a brush and pickled according to the Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Coupons (ASTM standard G 1-90, 2011). The pickling (HCl + 20 g/L Sb2O3 + 50 g/L SnCl2, 23°C, 5 min) was performed four times. To determine the mass loss of the base metal when removing the corrosion products, a replicate uncorroded control coupon was cleaned by the same procedure as that used for the test coupons. Loss of mass of the carbon steel coupons was determined and the average corrosion rates (μm a-1) were calculated in the following way (Equation 1):
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where K, constant (0.365 × 104), W, mass loss (mg), T, time of exposure (days), A, area (cm2) of carbon steel coupon, D, density (carbon steel)(g/cm3).

The coupons were subsequently inspected under a low magnification stereomicroscope to reveal the nature of the possible corrosion attack.

Scanning Electron Microscopy of Biofilms

Carbon steel coupons were immersed in phosphate (0.1 M, pH 7.2) buffered 2.5% glutaraldehyde, immediately after they were removed from incubation bottles, for fixation of presumed biofilm. After 2–16 h the coupons were rinsed with phosphate buffer three times. Dehydration was carried out with an ethanol series, followed by hexamethyldisilazane (Fluka, Switzerland). The membrane was coated with Au/Pd (10 nm, 208 HR High Resolution Sputter Coater, Cressington Scientific Instruments Inc., USA) and examined with Hitachi S-4800 FESEM (Japan) operated at 1–5 kV.

Results

Water Chemistry

The groundwater from 100 m depth from a borehole in the VLJ-repository in Olkiluoto was brackish and sulfate rich (Table 2). The water was slightly alkaline with pH of 7.8 measured on site. Conductivity (Ec) of the groundwater was 2.11 mS cm-1. After the 3 months (3M) incubation period the conductivity of the water in the incubation bottles slightly decreased to 2.07 at RT (3M-RT) and 1.91 at 6°C (3M-6°C). However, after 8 months (8M) the conductivity increased to 2.95 and 2.97 in the RT and 6°C incubations, respectively (Table 3). The redox potential (mV vs. standard hydrogen electrode, SHE) was -78.7 in 3M-RT and -42.8 in 3M-6°C. After 8 months the redox potential was -78.3 mV vs. SHE and -77.7 in the 8M-RT and 8M-6°C microcosms, respectively. The pH also increased during the experiment period to 8.2 and 8.4 in the microcosms at 6°C and room temperature, respectively (Table 3).

TABLE 2. The main chemical components in the groundwater in the beginning of the experiment.
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TABLE 3. Characteristics of water and surface layers.
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Microbial Community Analyses

The number of bacterial 16S rRNA genes in the groundwater was 1.69 × 106 copies mL-1 at the beginning of the experiment. After 3-months a 10-fold increase in the concentration of bacterial 16S rRNA genes was detected (1.95 × 107 copies mL-1 in 3M-6°C, and 2.23 × 107 mL-1 in 3M-RT, p < 0.01) in the groundwater exposed to carbon steel (Figure 1A). After 8 months the concentrations of 16S rRNA gene copies were 4.53 × 106 mL-1 in 8M-6°C and 2.76 × 107 mL-1 in 8M-RT (Figure 1A). The number of 16S rRNA gene copies from groundwater without carbon steel at 6°C remained at the same level as in the beginning of the experiment, i.e., 1.29 × 106 mL-1 in 3M-6°C and 1.43 × 106 mL-1 in 8M-6°C, p < 0.01 (Figure 1A). However, at room temperature the concentration of 16S rRNA gene copies had increased to 8.81 × 106 copies mL-1 in 3M-RT compared to that of the baseline samples but decreased again toward 8 month of incubation to 3.81 × 105 copies mL-1 in 8M-RT (Figure 1A). A denser biofilm, according to the number of 16S rRNA gene copies, was detected on RT-coupons (2.82 × 106 and 7.03 × 106 copies cm-2, after 3 and 8 months, respectively, p < 0.05) than on 6°C-coupons (4.42 × 104 and 1.77 × 105 copies cm-2, after 3 and 8 months, respectively, p < 0.05; Figure 1A).
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FIGURE 1. (A) 16S rRNA gene copies ml-1 groundwater or carbon steel (cm2)-1. The error bars present SE of mean (n = 3). (B) dsrB gene copies ml-1 groundwater or carbon steel (cm2)-1. The error bars present SE of mean (n = 3).



The DGGE analysis of the bacterial community showed a distinct and diverse banding pattern in the groundwater samples at the beginning of the experiment (Figure 2A). The bacterial 16S rRNA gene profiles showed between 4 and 35 different bands per sample, after the 3-months incubation period (Figure 2A). DGGE analysis revealed between 7 and 26 bands after the 8-months incubation period (Figure 2A). The diversity of DGGE bands increased notably compared to the baseline samples over the 3-months incubation period (Figure 2A). DGGE analysis showed that the bacterial species composition of the biofilm formed on carbon steel coupons was diverse and bacterial communities of the incubation water and the biofilms of the corresponding carbon steel samples were generally similar, with exception of the water and biofilm of the microcosms at room temperature after 3-months. It was also shown that the bacterial diversity was greater in the groundwater exposed to carbon steel compared to the groundwater without carbon steel (Figure 2A).
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FIGURE 2. Denaturing gradient gel electrophoresis (DGGE), (A) 16S rRNA (B) dsrB gene.



The obtained 16S rRNA gene sequences fell into four different bacterial clusters in the phylogenetic analysis, Betaproteobacteria, Alphaproteobacteria, Epsilonroteobacteria, and Deltaroteobacteria (Figure 3). The dominating class was Betaproteobacteria (Figure 3). In the original groundwater, only sequences belonging to Betaproteobacteria were detected (Figure 3).
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FIGURE 3. Phylogenetic tree of bacterial diversity, based on the 16S rRNA gene sequences obtained by 16S gene-based PCR-DGGE, in relation to cultured- and the closest uncultured relatives. Parentheses indicate the number of individual sequences within the OTU. Bootstrap values, calculated from 1,000 repetitions, are shown at branch points with >50% support. The scale bar indicates 0.08 nucleic acid substitutions. The tree is rooted by Aquifex aeolicus.



The Composition of the SRB Community

The number of dsrB gene copies mL-1 analyzed by qPCR was 6.3 × 104 in the original groundwater. After 3-months at 6°C the concentration increased to 2.3 × 106 copies mL-1 in the water (p < 0.01), but decreased to 8.7 × 103 copies mL-1 at the end of the 8 months of incubation at 6°C (p < 0.01; Figure 1B). At RT the detected amounts of dsrB copies were slightly higher, 3.4 × 106 and 1.5 × 104 copies mL-1 after 3 and 8 months incubation, respectively (Figure 1B). When the groundwater was exposed to carbon steel the amount of dsrB copies in water increased to 3.5 × 106 mL-1 after 3 months in both temperatures (p < 0.01) and decreased to the level of 2–3 × 105 copies mL-1 after 8 months (Figure 1B). The amount of dsrB gene copies in biofilm on the 3M-6°C-coupons and 3M-RT-coupons was 1.9 × 102 and 2.3 × 102 copies cm-2, respectively (Figure 1B). After 8-months the amount of dsrB in biofilm increased to 5 × 104 and 1.9 × 103 copies cm-2 on 8M-6°C-coupons and 8M-RT-coupons, respectively (p < 0.01; Figure 1B).

In all samples, the PCR-DGGE profiles revealed diverse SRB communities with several different dsrB amplicons. In the original groundwater three DGGE bands were detected belonging to genus Thermodesulfovibrio (Figure 4). Between 7 and 13 dsrB-gene DGGE bands were observed per sample after 3-months and between 7 and 17 bands after 8-months of incubation (Figure 2B). The diversity of the SRB community had changed over the 3-months incubation at 6°C when bands belonging to families Desulfovibrionaceae, Desulfobulbaceae, and Thermodesulfovibrio were detected in the water. At RT the detected bands belonged to families Desulfobacteraceae, Desulfovibrionaceae, Desulfobulbaceae, and Thermodesulfovibrio. All dsrB amplicons detected belonged to Deltaproteobacteria and affiliated with the families Desulfobacteraceae, Desulfovibrionaceae, Desulfobulbaceae and Thermodesulfovibrio (Figure 4). Similar dsrB-genes were detected both from the biofilm on the carbon steel and from the water (Figures 2B and 4). The majority of all sequences resembled dsrB genes of the family Desulfobulbaceae. SRB belonging to the genus Desulfobacula were detected only from samples that were incubated at room temperature (Figure 4).
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FIGURE 4. Phylogenetic tree of sulfate reducing bacteria, based on the dsrB sequences (amino acid) obtained by dsrB gene-based PCR-DGGE, in relation to cultured SRB and the closest uncultured relatives. Parentheses indicate the number of individual sequences within the OTU. Bootstrap values, calculated from 1,000 repetitions, are shown at branch points with >50% support. The scale bar indicates 0.08 amino acid substitutions. The tree is rooted by Archaeoglobus veneficus.



Corrosion

After 3 months of exposure to groundwater a small amount of dark deposit could be seen on the surfaces of carbon steel coupons (Figure 5) at both temperatures. By visual examination, the carbon steel coupons were covered by a thicker, more even and darker deposit layer when incubated at room temperature (3M-RT-coupons) compared to those kept at 6°C (3M-6°C-coupons; Figure 5). In addition, the 3M-6°C-coupons had light brown areas on the surfaces, which were not detected on the surfaces of the 3M-RT-coupons (Figure 5). A higher concentration of sulfur was detected in the deposit on the 3M-RT-coupons compared to the 3M-6°C-coupons (14.1 and 0.2 w-%, respectively; Table 3). During 8 months (8M) the formation of the deposits became more intensive, the deposits were darker and contained more iron (w-% 76.5 RT/ 91.2 6°C) but less oxygen (w-% 15.6 RT/ 13.2 6°C) and carbon (w-% 2.2 RT/6°C) on the surfaces both 8M-6°C-coupons and 8M-RT-coupons compared to 3-months exposure (Figure 5; Table 3). In addition, the concentration of sulfur was higher on the 8M-RT-coupons compared to the 8M-6°C-coupons (8.2 w-% and 0.5 w-%, respectively).
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FIGURE 5. Surface of carbon steel.



After 3 months of exposure, measurable corrosion rates of 1.4 and 11.4 μm a-1 were detected on 3M-RT-coupon and one 3M-6°C-coupon, respectively. After 8 months of exposure measurable corrosion of 1.35 μm a-1 was detected in one 3M-RT-coupon. In addition, incipient localized corrosion was observed by stereomicroscope and FE-SEM examination in all coupons after pickling (Figures 6 and 7). The 8M-RT-coupon, having the measurable corrosion rate, also presented shallow corrosion pits with a maximum diameter of 200 μm (Figure 7). Also, a small number of smaller corrosion pits with a diameter of 50 μm were observed on one 8M-6°C-coupon (Figure 6).
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FIGURE 6. Surface of carbon steel incubated at 6°C by FE-SEM. (A,B) After 3 months incubation. (C–F) After 8 month incubation.
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FIGURE 7. Surface of carbon steel incubated at RT by FE-SEM. (A,B) After 3 months incubation. (C–F) After 8 months incubation.



Besides the corrosion pits, the FE-SEM examination revealed microorganisms adhered to the carbon steel surfaces. Microorganisms were detected on the steel surface already after 3-months but the corrosion pits evolved toward the end of the incubation period and were visible in samples incubated for 8 months (Figures 6 and 7). A higher number of microorganisms were detected on the surface of the 3M-RT-coupons than on the 3M-6°C-coupons. After 8 months of incubation a dense biofilm as well as a substantial number of corrosion pits had formed on the carbon steel coupons incubated at both temperatures. Temperature also affected the type of microorganisms predominating on the carbon steel surfaces (Figures 6 and 7). In the pits formed at 6°C microbial cells were mostly 2 μm × 1 μm rods covered with corrosion products (Figure 6), whereas at RT the pits were covered with long spirilli-formed microbial cells (Figure 7).

Discussion

Microbially induced corrosion and its effects on metallic materials are of critical importance globally. For example, the annual cost of corrosion problems caused by MIC is estimated to be 1 trillion USD worldwide (Fleming, 1996). The biofilm formation is the key step in inducing MIC (Lee and Characklis, 1993). Corrosion accelerating conditions, especially localized corrosion, can evolve rapidly under the biofilm. In the present study, it was demonstrated that microorganisms in natural deep groundwater have great affinity to form biofilm on the surface of carbon steel and cause localized corrosion even when corrosion cannot be detected by gravimetric analysis. Our results indicate that deep groundwater microorganisms benefited from carbon steel. In the presence of carbon steel the planktonic microbial community in the incubation water was more diverse and 100-fold more abundant compared to the environment without carbon steel.

The Betaproteobacteria were the most dominant bacterial class in all samples where carbon steel was present, whereas in groundwater incubated without carbon steel the microbial community was less diverse and resembled more the community detected from groundwater in the beginning of the experiment. Betaproteobacteria belonging to Burkholderiales and Hydrogenophilales are known to use hydrogen as an energy source (Willems et al., 1989; Stöhr et al., 2001). Hydrogen is released at the cathodic site, i.e., from the carbon steel, in corrosion processes and thus may attract hydrogenotrophic Betaproteobacteria (Cord-Ruwisch and Widdel, 1986). Betaproteobacteria also belonging to Burkholderiales, on the other hand, are able to oxidize iron, which has been shown to accelerate corrosion of iron (Hedrich et al., 2011; Liu et al., 2012). In our study the dominant iron oxidizing Betaproteobacteria appeared to be temperature dependent, showing Leptothrix species in the samples incubated at 6°C. At RT the dominant iron oxidizing Betaproteobacteria resembled most closely Sideroxydans species. The reddish corrosion deposit formed on surfaces of carbon steel is likely to be a result from iron oxidizing bacteria. Iron reducing Betaproteobacteria were detected in samples where carbon steel was available. These iron reducers may cause corrosion by the reduction and removal of passive films of ferric compounds under anoxic conditions whereas under oxic conditions they are able to protect carbon steel from corrosion by improving the surface passivation (Herrera and Videla, 2009).

Sulfate-reducing bacteria are generally assumed to be the main bacterial group causing MIC in anoxic environments (Hamilton, 1985; Lee et al., 1995). SRB produce hydrogen sulfide, which is a corrosive agent. They are also believed to consume the excess hydrogen and thus stimulate the corrosion reaction. Nevertheless, an alternative reaction has recently been reported by which microbes can induce the corrosion of steels by using elemental iron (Fe0) as electron source (Dinh et al., 2004). This process is used by at least some SRB and methanogenic archaea. In nutrient-poor environments, such as the deep groundwater examined in this study, the microbes may be more “aggressive” toward steels, since the concentration of organic electron donors is low (Xu and Gu, 2011). In the native groundwater at the beginning of our experiment, only dsrB sequences belonging to the Thermodesulfovibrio family were detected. However, in the presence of carbon steel the diversity of the SRB community was increased to comprise Deltaproteobacterial SRB. The SRB were detected from both the incubation water and as part of the biofilm attached to the surfaces of carbon steel. The planktonic and biofilm SRB communities were similar but were affected by temperature. At RT SRB belonging to the family Desulfobacteraceae were detected whereas at 6°C the dsrB genes belonged to family Desulfobulbaceae. The Desulfobulbaceae include Fe0-utilizing SRB, such as the Desulfopila inferna. In our experiment, this bacterium was abundant in water exposed to carbon steel, and it has been proposed that Desulfopila inferna is capable of using Fe0 as electron donor for sulfate reduction (Dinh et al., 2004; Enning et al., 2012). In addition, dsrB sequences matching Desulfobacterium corrodens, another Fe0 utilizing SRB, were found in biofilm at RT (Enning et al., 2012). Enning et al. (2012) reported that the corrosion crust observed together with these SRB consisted of Fe, S, O, and C. This is in accordance with our results, where these compounds were also detected, especially after the 3-months incubation period. Both the SRB community and the corrosion products were different depending on the temperature of incubation. At RT the amount of sulfur in deposits was 14 times higher than at 6°C while the abundance of Si was higher at 6°C than at RT. However, the amount of Fe in the deposits was not affected by temperature and was elevated in all conditions after 8-months of incubation. Microbial cells in the samples incubated at room temperature were typically long (up to 4 μm), slender (0.3 μm) and had curved or corkscrewed shape. Cells had very smooth cell envelope suggesting that they may be Gram-positive. In addition, stalk-like structures, formed customarily by iron oxidizing Proteobacteria were clearly visible at RT. At 6°C microbes were rod shaped and frequently observed as diplobacilli and had an appearance suggesting that they are Gram-negative bacteria. According to SEM images, the incubation temperature had significant effect on the morphology of the microorganisms attached on the surfaces of the samples. In conclusion, our results demonstrate that in order to obtain reliable results on MIC, the measurements should be carried under in situ temperature. In addition, the carbon steel had a positive effect on the bacterial community size and composition, indicating that the native groundwater bacterial communities may benefit from compounds in carbon steel and that the corrosion of carbon steel and subsequent release of these compounds may cause the number of microorganisms to increase and composition of microbial community to change.

Author Contributions

PR, LC, MV, MB conceived, designed and performed the experiments, analyzed the data and wrote the paper. MR performed the SEM analyses, analyzed the data and wrote the paper. ES analyzed the DGGE data and wrote the paper.

Acknowledgments

This work was supported by the Finnish Research Program on Nuclear Waste Management 2011–2014 (REMIC). The help of the staff in TVO Olkiluoto NPP during the samplings is gratefully acknowledged. The authors thank the skillful assistance of Taru Lehtikuusi and Seppo Peltonen in the experimental work.

References

Altschul, S., Gish, W., Miller, W., Myers, E., and Lipman, D. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

Bomberg, M., Nyyssönen, M., Pitkänen, P., Lehtinen, A., and Itävaara, M. (2015). Active microbial communities inhabit sulphate-methane interphase in deep bedrock fracture fluids in Olkiluoto, Finland. BioMed Res. Int. (in press). doi: 10.1155/2015/979530

Brody, J., and Kern, S. (2004). Sodium boric acid: a Tris-free, cooler conductive medium for DNA electrophoresis. Biotechniques 36, 214–216.

Bryant, R. D., Jansen, W., Boivin, J., Laishley, E. J., and Costerton, J. W. (1991). Effect of hydrogenase and mixed sulfate-reducing bacterial populations on the corrosion of steel. Appl. Environ. Microbiol. 57, 2804–2809.

Carpén, L., Maukonen, J., and Salo, S. (2012). Accelerated corrosion of carbon steel and zinc in oxygen-free groundwater - Due to the microbiological activity? Paper Presented at the Nace International Corrosion Conference & Expo 2012, Paper No. C2012-0001397 (Salt Lake City, UT: Nace International).

Carpén, L., Rajala, P., Vepsäläinen, M., and Bomberg, M. (2013). Corrosion behaviour and biofilm formation on carbon steel and stainless steel in simulated repository environment. Paper Presented at the Eurocorr 2013, Paper no. 1589, Estoril.

Cord-Ruwisch, R., and Widdel, F. (1986). Corroding iron as a hydrogen source for sulphate reduction in growing cultures of sulphate-reducing bacteria. Appl. Microbiol. Biotechnol. 25, 169–174. doi: 10.1007/BF00938942

Dinh, H., Kuever, J., Zligmann, M., Hasse, A., Stratmann, M., and Widdel, F. (2004). Iron corrosion by novel anaerobic microorganisms. Nature 427, 829–832. doi: 10.1038/nature02321

Drummond, A. J., Ashton, B., Buxton, S., Cheung, M., Cooper, A., Heled, J., et al. (2010). Geneious v5.3. Available at: http://www.geneious.com

Enning, D., Venzlaff, H., Garrelfs, J., Dinh, H., Meyer, V., Mayrhofer, K., et al. (2012). Marine sulfate-reducing bacteria cause serious corrosion of iron under electroconductive biogenic mineral crust. Environ. Microbiol. 14, 1462–2920. doi: 10.1111/j.1462-2920.2012.02778.x

Fleming, H. C. (1996). “Economical and technical overview,” in Microbially Influenced Corrosion of Materials, eds E. Heitz, H. C. Fleming, and W. Sand (New York, NY: Springer-Verlag), 6–14.

Geets, J., Borremans, B., Diels, L., Springael, D., Vangronsveld, J., van der Lelie, D., et al. (2006). DsrB gene-based DGGE for community and diversity surveys of sulphate-reducing bacteria. J. Microbiol. Methods 66, 194–205. doi: 10.1016/j.mimet.2005.11.002

Guidon, S., and Gascuel, O. (2003). A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696–704. doi: 10.1080/10635150390235520

Hamilton, W. A. (1985). Sulphate-reducing bacteria and anaerobic corrosion. Annu. Rev. Microbiol. 39, 195–217. doi: 10.1146/annurev.mi.39.100185.001211

Hammer, Ø., Harper, D. A. T., and Ryan, P. D. (2001). PAST: paleontological statistics software package for education and data analysis. Palaeontol. Electronic. 4, 1–9.

Haveman, S., and Pedersen, K. (2002). Distribution of culturable microorganisms in Fennoscandian shield groundwaters. FEMS Microbiol. Ecol. 39, 129–137. doi: 10.1111/j.1574-6941.2002.tb00914.x

Hedrich, S., Schlömann, M., and Johnson, B. (2011). The iron-oxidizing proteobacteria. Microbiology 157, 1551–1564. doi: 10.1099/mic.0.045344-0

Herrera, L., and Videla, H. (2009). Role of iron-reducing bacteria in corrosion and protection of carbon steel. Int. Biodeterior. Biodegradation 63, 891–895. doi: 10.1016/j.ibiod.2009.06.003

Itävaara, M., Nyyssönen, M., Kapanen, A., Nousiainen, A., Ahonen, L., and Kukkonen, I. (2011). Characterization of bacterial diversity down to a depth of 1,500 m in the Outokumpu deep borehole, Fennoscandian shield. FEMS Microbiol. Ecol. 77, 295–309. doi: 10.1111/j.1574-6941.2011.01111.x

Jukes, T. H., and Cantor, C. R. (1969). Evolution of Protein Molecules. New York, NY: Academic Press, 21–132. doi: 10.1016/b978-1-4832-3211-9.50009-7

Lee, W., and Characklis, W. (1993). Corrosion of mild steel under anaerobic biofilm. Corrosion 49, 186–199. doi: 10.5006/1.3316040

Lee, W., Lewandowski, Z., Nielsen, P., and Hamilton, W. (1995). Role of sulfate-reducing bacteria in corrosion of mild steel: a review. Biofouling 8, 165–194. doi: 10.1080/08927019509378271

Little, B., Wagner, P., and Mansfeld, H. (1992). An overview of microbiologically influenced corrosion. Electrochim. Acta 37, 2185–2194. doi: 10.1016/0013-4686(92)85110-7

Liu, F., Zhang, J., Zhang, S., Li, W., Duan, J., and Hou, B. (2012). Effect of sulphate reducing bacteria on corrosion of Al Zn In Sn sacrificial anodes in marine sediment. Mater. Corros. 63, 1521–4176. doi: 10.1002/maco.201005955

Muyzer, G., Dewaal, E., and Uitterlinden, A. (1993). Profiling of complex microbial populations by denaturing gradient gel electroforesis (DGGE) and temperature gradient gel electroforese (TGGE) in microbial ecology. Int. J. Gen. Mol. Microbiol. 73, 127–141.

Nyyssönen, M., Bomberg, M., Kapanen, A., Nousiainen, A., Pitkänen, P., and Itȧvaara, M. (2012). Methanogenic and sulphate-reducing microbial communities in deep groundwater of crystalline rock fractures in Olkiluoto, Finland. Geomicrobiol. J. 29, 863–878. doi: 10.1080/01490451.2011.635759

Purkamo, L., Bomberg, M., Nyyssönen, M., Kukkonen, I., Ahonen, L., Kietäväinen, R., et al. (2013). Dissecting the deep biosphere: retrieving authentic microbial communities from packer-isolated deep crystalline bedrock fracture zones. FEMS Microbiol. Ecol. 85, 324–337. doi: 10.1111/1574-6941.12126

Rajala, P., Bomberg, M., Kietäväinen, R., Kukkonen, I., Ahonen, L., Nyyssönen, M., et al. (2015). Rapid reactivation of deep subsurface microbes in the presence of C-1 compounds. Microorganisms 3, 17–33. doi: 10.3390/microorganisms3010017

Rajala, P., Carpeìn, L., Vepsäläinen, M., Raulio, M., and Bomberg, M. (2014). “Microbially induced corrosion of carbon steel and stainless steel in alkaline ground water -composition and metabolic functionality of biofilm,” in Proceedings of the Annual Waste Management Conference 2014, Proceedings no. 14391, Phoenix, AZ.

Stöhr, R., Waberski, A., Liesack, W., Völker, H., Wehmeyer, U., and Thomm, M. (2001). Hydrogenophilus hirschii sp. nov., a novel thermophilic hydrogen-oxidizing beta-proteobacterium isolated from Yellowstone National Park. Int. J. Syst. Evol. Microbiol. 51, 481–488.

Thompson, J., Higgins, D., and Gibson, T. (1994). Clustal W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673

TVO. (2015). Teollisuuden Voima Oyj. Available at: http://www.tvo.fi/operatingwaste (accessed March 24, 2015).

Videla, H. A. (1996). Manual of Biocorrosion. Boca Raton, FL: Lewis Publishers.

Wagner, M., Roger, A., Flax, J., Brusseau, G., and Stahl, D. (1998). Phylogeny of dissimilatory sulfite reductases supports an early origin of sulphate respiration. J. Bacteriol. 180, 2975–2982.

Weisburg, W. G., Barns, S. M., Pelletier, D. A., and Lane, D. J. (1991). 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697–703.

Whelan, S., and Goldman, N. (2001). A general empirical model of protein evolution derived from multiple protein families using a maximum-likelihood approach. Mol. Biol. Evol. 18, 691–669. doi: 10.1093/oxfordjournals.molbev.a003851

Willems, A., Busse, J., Goor, M., Pot, B., Falsen, E., Jantzen, E., et al. (1989). Hydrogenophaga, a New Genus of Hydrogen-Oxidizing Bacteria That Includes Hydrogenophaga flava comb. nov. (Formerly Pseudomonas flava), Hydrogenophaga palleronii (Formerly Pseudomonas palleronii), Hydrogenophaga pseudoflava (Formerly Pseudomonas pseudoflava and “Pseudomonas carboxydoflava”), and Hydrogenophaga taeniospiralis (Formerly Pseudomonas taeniospiralis). Int. J. Syst. Bacteriol. 39, 319–333. doi: 10.1099/00207713-39-3-319

Xu, D., and Gu, T. (2011). Bioenergetics explains when and why more severe MIC pitting by SRB can occur. Paper Presented at the NACE Corrosion 2011, Paper No. 11426 (Houston, TX: NACE International).

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2015 Rajala, Carpén, Vepsäläinen, Raulio, Sohlberg and Bomberg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
fronfiers in
MICROBIOLOGY

Microbially induced corrosion
of carbon steel in deep
groundwater environment





OPS/images/fmicb-06-00647-g007.jpg





OPS/images/fmicb-06-00647-g006.jpg





OPS/images/fmicb-06-00647-g005.jpg





OPS/images/fmicb-06-00647-g004.jpg
S R S TS,

: ..mwmm
R
s
4

Rt S O
n P et

et M&\m o
T s

—






OPS/images/fmicb-06-00647-g003.jpg
S
S,
Z
2
o, " o
o ® 2
% % 5 % 3 2
) % 2 2 & o o
— = (=} ha
A . 5 e ¢ . z S S &
< ® 9! 3
% S o o 2 % O B 2 % =
. % % 3 % 2 o 2% I B2
& Zz 2 e, < 3 S 2 % o, S 2 o 2
/oozoad’o:g_o‘:’_’g'o %’w'—
ww@owa c =3 %
Y Mo %gga/g%%a a%ag,gé’ $
% ¢ % 5 3 2z C £ o8 9 &
4 %>, %, OO&%%% %‘8\%9\ agsogg:§3§
Q L7 ’3(/@%60 5 5 S %oo-'°°°39°’“’”’
Se. 4 ’be)oéu‘* 5 3 25 %—\U’C“"—kSE’S"é‘S@ &
. 5 & &@v@’e‘“o/\c 5.3 ¢ & wC%*8“O§O$§~«‘ §
ey o . s, 5 2 O/\ OU’ Ca‘ = obo’: n L @ o 2 S 2 R &
4 o, O Op, S, 22 o O IS 3 A z O £ £ ES N 2 NN RS 5
g, %/o,fs,'»;o,)o»%oz = 5% 2e g :ggggegooq? &
P SOL,,+,¢6‘011/'9)~8;5’>O// 592 > 3 QIEAE§Q§@$e &
a 7~<9,< 8, &@OOV” z 2,0 ‘“Qooémo%c'sA@@
g s O /;706’ O/\@/ ) 2 gm"3'\l§§$°$° & § §>0 >
Ne L) L2 eao 7 /\O”f/‘)o%o' c) 2 a g%f};g‘b AOK(:)(?’@&@Q Q"Q) &
0Oog 5 s 0 s%és cs;b@?r,g, < ° o) §m0Q§%é§§(@ K
7 Yo, 1) o/~ % | Q2K N S S >
at limy Y 2, g L % c i@\Na{?saG& S
er /, A 0 S 0’6(/ 2 Qai’,’% Q@Q‘” ¥ K o W
S (7 O, 5 %9, 9 o S&z &S S & & ®
Wi, /7y) >, O3 % 3 3¥ kaé\éef? \5-6\ Q)
4 o AN = = S# V& S S o &L
3me o, (7 s 8f Q'\V N S & & A S
N, O/ Is % ~ [S) O N & Q R ‘\\) @
S/ 7 S O < 0? & N\ v o\ o
Wby, 8, N S & N @% N o Jr\gsa
Blogjy, = m O S/ & & ° o o
ilm 7 87 & o/ & T §b of %QD ,()\“ '6\"0
RT 8 /& & RO ) N
wa Wa 3 > e & o
g (8 S s g
WCS 6°c Cs So é\& sbgq, ¢ Q&\’@l\ S
x (e} N o
w Hydrogen 3/8month S 2(9) < 0@6\ b‘bg)’b ON(\@\IO( O'\\)%(D
ater /w CS Ophaga f s 0Ty (1 ’1//0 < o BN &
RT 3/8 lava AB (1 W 00\‘“(\ <> »«\eoﬂ
Biofilm R RS OTL § G e o s ®
T 3months OTU 1(3) \\\QQ A0 «a\e‘ <2 «\0(\\“5 NQ
AJ30L$J)713(§)9 ‘%\e‘ 'a\'\‘\e""‘“e‘0 baC‘\\U def\“‘"ﬁoa
AM41 Aquifex aeoli rLA%\M THiO®” . paci
94409 Desulfomic(obium iOI’C '{Aé?) C \\\“ed Th|ob60\“
o8P : aculatu .\ s
wh:féfseg'?“ffn'mi&(ﬁ A §—= 5 Svater W s O™ @
7 (2 - NG, 007614 itros0S ra ultifor i
NG onesd Desulfqvnbrl degulfurlcggs ¢E NZ.G e ot j if mis
N 003’{5\ Desulfovibno e/)%‘ a{g\3 Baseline water Oir ormigenes
e %mo“\“s ol A2 oS u ()
B\O‘\\“\R_( S «\0(\\\\(5‘)\)\““5 ey 5 FJ76450 wat
: 1o 7 wat ater /
%\0“\“\ 512 pesY d\)oe“si\\% NC_oo Rhodob er/w CS RT w CS RT 3mo
W K e u\N“e \3%\ NS 7298 p \:/Cte,aCeae 3months OTU nths OTU 11 (4)
obac' o © ?:k A0 QN> & ech, ater g°, Sp. 12 (8
3> % 3% N (0"“\&6’\02 NS & GQg3, Wyt 6°C 8m ®
P o o KON < (o)) X 93 24, e S onth
g\oﬂ\\ \6“‘“00 \0995‘30% 0&(\6{\\\&"\}0&%&\9 © 86 190 230 4 BWC aromaf; SOTU 5
© @ P L L P R ; a T ica 1
o 35\)\\0 \\‘;O Qi\(b oS K,\\K\?}A(Jo" o Skl ~ S’Of,a’aco Selip, 3mo, )
ol o & & 20 % 05195 10s, Im gl B
P \é‘b 506\%\2\ S e @ O] lop ! Rr 5259 ater SoTy
&° S S AN w;”o@’?»% Vou oy ory,, 20
0 SESesER £\ B¢ NN e one 05 © ™
Oc}é < N §6\5:mMN = 5, %} AT & ,)(‘/)/09 s ”7‘5‘0'0/’/}7 Ug
& K N4 § $e IO\EESL;\;S:’: %\ 2% ° %, % %, O 0, Or 7 90, (1)
S & o/ & &5 wOOI-“‘-ln S z %, % Y9e O 63 2
o L @§§§é’aoe:* g8 3 AN Cae, ) "
N $\*°'§£’s°§§s”’°'63 3% 5\ %, 4 % %, 20
¥ PN LS Ewcﬁwo 32%05‘2‘ 6@,/°‘f’»>° & R 7
¥ & $ NS S o3 S22 | ® c/aeod‘ SR 0
K ‘00’»@00/\'55:‘-‘.: 527 S, @%O”/o_oc 0p, 7 Y
AN N D & S5 2 =S 12 @ o3 zZ > % 5. 2
S & & & o xr @ S £ T Qo 9 = S ) z C %
N A S & o O EE 8 o222 332 @ 2 Q & ay
& AN @) ,l<3 %] £ @ ° [32) £ = ° Z cZ 3 > >. ‘& & & s
QO%/\%Q Otm‘o»—"’mmo \l:fcogﬂ. 5 ¢ @/‘9/
N (@) S \3-9 ;_:n:o 5@0/_“‘&0’/ OL;';))\ %)
& & & 9 =% Ew&,gﬂﬂaw)oama 3 G 2 o'sf'b
S ¢ -Qosz%va%am AN NN 6, %
& ES B ngmo—j——\ cooé%9,¢oo N %
@ L < O © 7 2 13 2 2 % 2 )
¥ O £9 - o L = % 4 S, 2 8 % % 2
) o 2 m 29 O ° = S R Z ® ©® ) . (7
¢ © T - 0.3 7 % 0, 9 © K
g 9] c 5 [} > 23 7,
\ 5 H 5 O /\g,ﬁoﬁz\,\ r/o,)z
§’D 5 @@ @ ) c % A ¢ G < %, )
5520 3 S 5% ¢ 0 % % oo, 7
3~ = 3 S o Z, >
3 < ERCN % EX o D s
@ © 2 0 2 ©
— [e) o)
o] © SR 2
2 2T %
- o
S <) O,
c >
2
S}





OPS/images/fmicb-06-00647-e001.jpg
Corrosion rate = (K x W)/(A x T x D),





OPS/images/fmicb-06-00647-g002.jpg
A

Dice (Tol 1.0%-1.0%) (H>0.0% S>0.0%) [0.0%-100.0%]

Dice (Tol 1.0%-1.0%) (H>0.0% $>0.0%) [0.0%-100.0%]

w RT 3 month

" w6C 8 month

CS w RT 3 month
baseline
CS w 6C 3 month

' CS bf 6C 8 month

CS w 6C 8 month
CS bf RT 8 month
CS w RT 8 month
w 6C 3 month
w RT 8 month

~ CS bf RT 8 month

CS w RT 8 month
w RT 8 month

CS bf 6C 8 month
CS w 6C 8 month
CS bf RT 3 month
CS bf 6C 3 month
CS w 6C 3 month
w 6C 3 month
baseline

CS w RT 3 month
w RT 3 month

w 6C 8 month





OPS/images/fmicb-06-00647-g001.jpg
1.00E408

1.00E407

1.00€406

1.00E+05

1.006404

1.00€+03

1.00€402

1.00E+01

1.00€400

1.00E407

1.00E406

1.00E405

1.00E404

1.00E403

1.00E+02

1.00E+01

1.00E400

I :
. 1
! -
l "3 months
8 months

baseline water 6°C water RT water with water with  biofilm biofilm
carbon steel carbon steel carbon steel carbon steel

6°C RT surface 6°C surface RT
= " 3 months
8 months
baseline water 6°C water RT  waterwith  water with biofilm biofilm

carbon steel carbon steel carbon steel carbon steel
6°C RT surface 6°C surface RT





OPS/images/fmicb-06-00647-t002.jpg
Al Br ca cl Fe Mg Mn K S0, Na S0, pH Ec
pgl-!  mgL' mgL' mgL-! mgL~' mgL~' mgL~' mgL~' mgL~' mgL~' mgL~" ms em~1

4 1.4 57 430 0.08 17 0.12 7.7 14 354 123 7.8 211





OPS/images/fmicb-06-00647-t001.jpg
c Si Mn s P Cr Ni Mo Cu Al w v Ti Co

0.03 0.009 0.21 0.007 0.007 0.04 0.05 0.01 0.02 0.048 <0.01 0.003 0.002 0.004





OPS/images/logo.jpg
’ frontiers
in Microbiology





OPS/images/fmicb-06-00647-t003.jpg
Groundwater in the beginning
3M-RT

3M-6°C

8M-RT

8M-6°C

PH

7.8
8.2
8.1
8.4
8.2

Conductivity (mS cm~")

2.1

2.07 +0.006
1.91 £0.06
295+0
297 +£0.02

Redox potential (mV vs. SHE)

-78.7 37
-428+0
—77.7 376
-783+ 128

Deposits main components (W%)

60.9 Fe, 10.4 C,31.4 0,02 S
62.7Fe, 9.4C,1490,1418
76.5Fe, 22C,1560,828
91.2Fe, 22C,1320,058

Corrosion rate um a~1

14
114
14





