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Corrosion of Carbon Steel by
Shewanella chilikensis DC57 Under
Thiosulphate and Nitrate Reducing
Conditions

Silvia J. Salgar-Chaparro, Johanna Tarazona and Laura L. Machuca*

Curtin Corrosion Centre, WA School of Mines, Minerals, Energy and Chemical Engineering, Curtin University, Perth, WA, Australia

Shewanella chilikensis DC57 is a bacterial strain isolated from a corrosion failure in a
floating oil production system. Previous studies have indicated that this microorganism has
potential to trigger corrosion of carbon steel through several metabolic pathways identified
in its genome. In this study we evaluated the corrosion of carbon steel by S. chilikensis in
the presence of thiosulphate or nitrate as terminal electron acceptors of the anaerobic
respiration. Electrochemical response of carbon steel to the biofim formation revealed
differences in the corrosion process under the different electron acceptors conditions.
Microscopic examination of the metal surface confirmed that S. chilikensis induced
corrosion in both scenarios; however, in the presence of thiosulfate S. chilikensis
triggered a higher pitting corrosion rate, whereas in presence of nitrate it promoted
higher uniform corrosion. This study demonstrates the importance of understanding the
metabolic versatility of microbes in order to assess the MIC risk of industrial facilities.
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INTRODUCTION

Corrosion is the deterioration of metals by an electrochemical reaction with the environment
(Speight 2014). Under aerobic conditions, oxygen is the most common reactant in the corrosion
reaction of metals, whereas, under anaerobic conditions, microbiologically influenced corrosion
(MIC) is believed to be the major cause of corrosion related failures (Iino et al., 2015a). MIC results
from the formation of biofilm communities on the metal surface, which can produce corrosive
metabolites and extracellular polymers, resulting in changes on the metal/solution interface and the
corrosion behaviour (Moura et al., 2013). Costs related to corrosion prevention, mitigation, and
repair were estimated to be around $2.9 trillion dollars for 2018 (Little et al., 2020).

MIC frequently causes uniform and localised corrosion of metals through a variety of mechanisms
(Miller et al., 2018), ranging from the direct microbial metabolism of metal (extracellular electron
transfer EET-MIC) to enhanced metal deterioration due to microbiologically induced changes in
fluid chemistry (chemical-MIC) (Enning and Garrelfs 2014; Dou et al, 2019). Causative
microorganisms of the MIC phenomenon in anaerobic environments include organisms with
different metabolic capabilities such as sulphate reduction, fermentation, iron reduction, nitrate
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reduction and methanogenesis (Dinh et al., 2004; Marciales et al., 2019; Palacios et al., 2019).
Although the implications of all these microbial groups in MIC has been widely demonstrated, the
estimation of the MIC risk in industrial assets has rarely ever considered the presence and activity of
all of these. Reason for this is that despite the dramatic increase in the number of studies during the
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last three decades (Hashemi et al., 2017), there are still remarkable
knowledge gaps in the understanding of factors that trigger the
MIC phenomenon (Little et al., 2020).

One of the complexities of MIC assessment is that
microorganisms are metabolically versatile (Selim et al., 2017),
some species more than others, which possess challenges in
evaluating the effect of nutrients and other environmental
factors on the MIC risk. For example, species from the genus
Shewanella possess a broad respiratory versatility and use an
array of organic and inorganic compounds that include nitrate,
nitrite, thiosulphate, elemental sulphur, iron (III), manganese
(III), fumarate, even insoluble metal oxides when oxygen is not
available (Beliaev and Saffarini 1998; Ruebush et al., 2006;Burns
and Dichristina, 2009; Miller et al., 2018). Thus, Shewanella can
cause chemical-MIC from the release of metabolic products, such
as nitrite and hydrogen sulphide, and can trigger EET-MIC when
harvest energy from metals (Wang et al, 2020). Therefore,
versatile microorganisms can colonize a variety of oxic and
anoxic environments. This metabolic versatility makes it
difficult to understand their potential contribution to the
corrosion process and fit it within a risk categorization.

To develop a better understanding of the contribution of versatile
microorganisms in biofilms formed on industrial assets, the corrosion
behaviour of Shewanella chilikensis DC57 was assessed under nitrate
and thiosulfate reducing conditions. S. chilikensis is a bacterium
isolated from corroded structures in a floating oil production
system in Australia (Salgar-Chaparro et al,, 2020a). The corrosive
effect on carbon steel by this microorganism was demonstrated in a
separate study where both nitrate and thiosulphate were present in
the test solution (Salgar-Chaparro et al., 2020b). However, the key
metabolic pathway involved in the severe pitting corrosion observed
in the study could not be identified. In this investigation,
electrochemical and surface analysis were carried out to assess
pitting corrosion by S. chilikensis under the different electron
acceptors.

MATERIALS AND METHODS

Sample Preparation

AISI 1030 carbon steel was used as test material for the MIC
evaluation. Round coupons with an exposed area of 1.27 cm®
were prepared as follows: an electrical connection was established
via a copper wire soldered to the coupon’s surface. Subsequently,
coupons were electro-coated with a protective epoxy (Powercron
6000CX, PPG Industrial coatings) and wire was removed except
from the samples used for electrochemical measurements. Later,
one side of the coupons was wet ground sequentially up to grid
600 by SiC-paper and used as a working surface. The polished
specimens were washed with Milli-Q water, degreased with
acetone, washed with ethanol, and dried with nitrogen gas.
Before immersion, the coupons were weighed and sterilised by
15 min of ultraviolet (UV) radiation.

Corrosion Experiments
Corrosion experiments were conducted in anaerobic CDC
Biofilm Reactors (Biosurface Technologies Corporation). A
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total of 4 reactors (abiotic and biotic) were setup, two for each
condition. Supplemented artificial seawater with the following
composition was used as test solution: 20 g/L of sea salts (Sigma),
20 mM of Na-lactate, 20 mM Na-acetate, 9 mM Na-pyruvate,
9mM ammonium chloride, and 4mM Na-bicarbonate.
Additionally, 10 mM of sodium nitrate or 10 mM of sodium
thiosulphate were added to the reactors depending on the
condition of testing. The pH of the test solution was adjusted
to 7.3 + 0.2 with 1IN NaOH. Anaerobic conditions were
maintained by continuous sparging of the test solution with
filter sterilised nitrogen gas at a flow rate of 30 ml/min. The
baffle within the reactor was set to 50 rpm to maintain a
homogeneous solution throughout the test. Biotic reactors
were inoculated with an active culture of S. chilikensis DC57
in a concentration of 2.0x10° cells/mL. After an initial 72 h of
operation under batch condition, in which no additional
nutrients were added to the reactors, continuous flow of fresh
test solution was initiated at a rate of 4.37 ml/h which replaced
30% of the test solution daily.

Electrochemical Evaluation

Electrochemical measurements were conducted using a
conventional three-electrode cell assembly. A double junction
Ag/AgCl electrode (SSC) was used as reference electrode, a
graphite rod was used as counter electrode, and two
electrically connected coupons used as working
electrodes. All electrochemical measurements were conducted
using a VMP3 multichannel potentiostat (Biologic). The open
circuit potential (OCP), linear polarisation resistance (LPR), and
electrochemical impedance spectroscopy (EIS) were monitored
daily at each condition. LPR was scanned at a rate of 0.167 mV/s
in the range of ~10 mV to +10 mV vs. OCP. EIS measurements
were obtained in the frequency range from 10° to 10~ Hz with a
10 mV amplitude. Potentiodynamic polarization measurements
were conducted at the last day of immersion (16th day) with a
scan rate of 0.100 mV/s between -250 mV and +250 mV vs.
the OCP.

were

Surface Analysis

Corrosion measurements based on mass loss and pitting were
conducted after 16 days of metal immersion. For this, three metal
samples from each reactor were removed and cleaned using
Clarke’s solution, as described in the ASTM G1 standard
(ASTM, 2017). General corrosion was estimated from the
metal mass loss and pitting corrosion rate was calculated from
the deepest pit found in each condition, using the equation
described in NACE SP-0775 standard practice (NACE, 2013).
Optical measurements and coupons’ inspection to evaluate
pitting corrosion were conducted in an infinite focus
microscope and Alicona IFM software. A t-test was
implemented to assess if there were statistically significant
differences in the corrosion rates between coupons exposed to
biotic conditions under different electron acceptors, and between
coupons exposed to S. chilikensis and the sterile controls. All
statistical analyses were performed with PAST version 4.04
(Hammer et al., 2001), and results were considered significant
with p-value < 0.05.
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Biofilm Imaging

The distribution of live and dead cells within biofilms was studied
using confocal laser scanning microscopy (CLSM). Coupons were
gently rinsed with sterile anaerobic PBS and stained using the
FilmTracer Live/Dead biofilm viability kit (Invitrogen) following
the manufacturer’s instructions. Before imaging with a Nikon
Al+ confocal microscope, coupons were rinsed with sterile
deionized water to remove the excess of dyes. Images were
captured with a x20 dry objective lens. The z-stacked images
were captured in separate tracks using 489.3 and 561 nm lasers
paired with 500-550 nm and 570-620 nm emission filters
respectively.

Biofilm morphology was examined under a TESCAN
CLARA field emission scanning electron microscope
(FESEM). Before imaging, biofilms were fixed with the
following protocol: coupons were immersed for 22h in a
PBS solution containing 2.5% glutaraldehyde and 0.15%
alcian blue. Then, coupons were rinsed with PBS and
dehydrated trough ethanol series (30, 50, 70, 80, 90, 95,
and 100% v/v ethanol-water) for 10 min each. Dehydrated
coupons were dried under nitrogen flow for 2 days, coated
with a platinum layer (10 nm thick), and stored in a vacuum
desiccator until imaging. Biofilms were visualized at an
emission voltage of 5kV, aperture of 30 pm and working
distance of 4 mm. Energy-dispersive X-ray spectroscopy
(EDS) was used to determine the elemental composition.
Aztec. 4.0 software (Oxford Instruments NanoAnalysis)
was used for data analysis.

Microbial Concentration and Activity

After 16 days of immersion, three coupons were collected and
rinsed with sterile phosphate-buffered saline (PBS) to remove all
planktonic cells. Subsequently, coupons were immersed in 10 ml
of PBS and sonicated for 2 min to detach all sessile cells from the
surface. Sonication was performed in cycles of 15s ON followed
by 20s OFF. Finally, coupons were vortexed at maximum speed
for 10s and the cell suspension was used to quantify cell numbers
and microbial activity.

The numbers of viable sessile cells were determined by the
culture dependent most probable number (MPN) method using
the following culture medium: 20 g/L of sea salts (Sigma), 20 mM
of Na-lactate, 20 mM Na-acetate, 10 mM glucose, 1.3 g/L mM
casamino acids (BD), 10 mM ammonium nitrate, 10 mM Na-
thiosulphate, 0.007 mM iron (II) chloride tetrahydrate, 0.007 mM
manganese (II) chloride tetrahydrate, and 4 mM Na-bicarbonate.
For this, 1 ml of the cell suspension was inoculated into 9 ml of
culture media, and then 10-fold serial dilutions up to 10"° were
performed in triplicate for the MPN estimation. Serial dilution
vials were incubated at 40°C for 28 days, and positive growth was
determined by visual inspection of changes in the turbidity and
the colour of the culture media.

Adenosine triphosphate (ATP) was determined by luminescence
after reaction with luciferin-luciferase using the Quench-Gone
Organic Modified (QGO-M™) test kit (Luminultra Technologies
Ltd.) ATP was extracted from 5 ml of the cell suspension following
the kit's manufacturer instructions. ATP measurements were
collected using the PhotonMaster™ Luminometer (Luminultra
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Technologies Ltd.), and ATP content was calculated from the
measured luminescence by comparing it with a standard.

RESULTS

Corrosion Measurements

Uniform Corrosion by Electrochemical Measurements
The fluctuation of the OCP of carbon steel coupons over the
immersion period is given in Figure 1. A similar pattern was
observed in coupons exposed to the abiotic conditions. The OCP
shifted towards more positive values, particularly after the
initiation of the continuous flow of nutrients. Changes in the
OCP can be attributed to variations in the metal/solution
interface, such as the precipitation of salts or the formation of
corrosion products layers that change the corrosion potential of
the metal (Hiromoto 2019; Mansoori et al., 2019). Differently, the
OCP of coupons exposed to the biotic reactors did not follow the
same pattern in both conditions. In the presence of thiosulphate
and S. chilikensis (Figure 1A), the OCP of the carbon steel shifted
to more positive values, which was comparable to the abiotic
control. However, in the presence of nitrate and S. chilikensis
(Figure 1B), the OCP initially shifted to more positive values, but
from day 5 to day 9, the OCP shifted towards more negative
values, and after day 9 OCP shifted again to less negative values.
Fluctuations of the OCP in biotic reactors suggest that biofilm
formation of S. chilikensis resulted in changes in anodic or
cathodic reactions and the acceleration of the iron
dissolution as a result of the metabolic activities carried out by
the bacteria.

Polarisation resistance (Rp) from LPR scans describes the
transient corrosion kinetics of carbon steel coupons during the
16-days immersion. Rp values and corrosion rates as a function of
time are shown in Figure 2. Clear differences on LPR
measurements in presence of S. chilikensis can be found as
compared to the abiotic controls. Lower Rp values in biotic
reactors indicate higher corrosion rates (Scully 2000; Claisse
2016). In the thiosulphate condition, corrosion rate of the
abiotic control was more or less stable during the 16-days
immersion, displaying only a minor increase on day 3 after
the initiation of the continuous flow of nutrients to the
reactors. Differently, in presence of S. chilikensis, higher
corrosion rates were observed over the batch period, and a
marked reduction was seen after the initiation of the
continuous flow. On the other hand, in the nitrate reducing
condition, both abiotic and biotic reactors showed a reduction in
the corrosion rate during the batch period, but, after initiation of
the continuous flow, corrosion rate in the abiotic reactor
remained stable, whereas in the presence of S. chilikensis, a
significant fluctuation was observed. Overall, the highest
corrosion rates were observed in the nitrate reducing
condition compared to the thiosulphate reducing condition.

Figure 3 displays the Nyquist and Bode plots of carbon steel
coupons exposed for 1, 8, and 16 days to the different conditions.
It is clear that the impedance response of the metal changed over
the test duration. A larger semicircle diameter in Nyquist plots
generally indicates higher electrical resistance at the metal/
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TABLE 1 | Electrochemical parameters obtained from fitting the EIS spectra in Figure 3 and calculated corrosion rate.

Corrosion of Carbon Steel by S. chilikensis

Condition Reactor Day Rs Qi1 Qqp Rb Qo1 Q2 p Rct CR
Q@ cm?) (© cm?) (© cm?) (mm y™)
Thiosulphate  Biotic 1 102+ 1.2 0.0008 + 0.0003 0.8 +0.04 - - - 2,945 + 391 0.08 + 0.01
8 57 +0.3 0.0022 + 0.0002 0.6 + 0.04 4.0+0.7 0.011 + 0.001 0.9 £ 0.01 4,656 + 1,039 0.05 + 0.01
16 11.4+£65 0.0411 £0.0049 3.0=+1.54 178+ 0.7 0.066 + 0.002 0.9 + 0.08 1,820 + 391 0.14 + 0.03
Abiotic 1 9.6 £ 0.1 0.0006 + 0.0001 0.8 £ 0.00 - - - 2,725 £ 1,258 0.09 + 0.04
8 7.3+02 0.0025 + 0.0016 0.5 + 0.08 224 +55 0.004 £ 0.000 0.8 £ 0.00 10,061 + 121 0.02 + 0.00
16 92+29 0.0015 £ 0.0002 0.6+0.00 39.2+223 0.003+0.000 08=+004 12,604 =+7,652 0.02+0.01
Nitrate Biotic 1 9.0 £ 0.7 0.0004 + 0.0000 0.8 + 0.00 — — — 165 + 18 1.45 £ 0.16
8 82=+17 0.0001 + 0.0000 1.0 + 0.00 1.7+04 0.001 £ 0.000 0.7 + 0.02 2,948 + 106 0.08 + 0.00
16 8.7 £0.9 0.0165 + 0.0026 0.4 +0.01 70.8+452 0.037 +0.015 0.7 +0.11 1,692 + 439 0.14 + 0.03
Abiotic 1 8.3 +0.2 0.0003 + 0.0000 0.8 + 0.00 — — — 438 + 12 0.54 + 0.01
8 7.6 +04 0.0216 + 0.0007 0.5 + 0.01 23 +0.1 0.011 £ 0.007 0.8 £ 0.00 3,883 + 1,680 0.06 + 0.02
16 7.0+0.2 0.0220 + 0.0019 0.5+ 0.12 22+04 0.032 £ 0.000 0.8 + 0.00 1,828 + 109 0.13 + 0.00
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FIGURE 4 | Potentiodynamic polarization curves after 16-days exposure to thiosulphate (A) and nitrate (B) reducing conditions, dashed lines represent the Tafel
fitting.

solution interface, which results in lower corrosion rates (Liu
etal,, 2017; Cai et al., 2021). In the Nyquist plots recorded on day
1, a clear difference in the diameter of the Nyquist plots was
observed between the conditions. Coupons exposed to the
thiosulphate reducing condition exhibited a larger semicircle
compared to the coupons exposed to the nitrate reducing
condition, which suggest that coupons in presence of nitrate
are more susceptible to corrosion. Nyquist plots changed during
the exposure time in both abiotic and biotic reactors indicating
changes at the metal/solution interface, most probably as a result
of the formation of corrosion product layers and biofilm.

To get a quantitative measure of the electrochemical
parameters at the metal/solution interface, the impedance
spectra on Figure 3 were fitted using equivalent circuits with
one time constant and two time constant (Supplementary Figure
81). The capacitors in the circuit model were not ideal capacitors,
therefore, constant phase elements (CPEs) were used instead. The
quality of the fitting was judged by x2, all the x2 values were less
than 0.005 indicating a good fit of the EIS data. In the equivalent
circuit model, which has been used in previous reports (Miranda
etal., 2013; Cai et al., 2021), R corresponds to solution resistance,

R, and CPE; represents the resistance and capacitance of the
biofilm and/or adsorption of corrosion products on the metal
surface, and R, and CPE, corresponds to the charge transfer
resistance and double-layer capacitance. Table 1 shows the EIS
fitting results.

Lower R, values observed under nitrate reducing conditions in
both biotic and abiotic reactors since day 1 indicates that the
presence of nitrate in the test solution leads to a more corrosive
environment, which correlates with LPR measurements.
Likewise, lower R, values were measured in biotic reactors
compared to abiotic reactors in both conditions, indicating
that biofilm formation by strain S. chilikensis produced an
increase in corrosion rates of the carbon steel.

The potentiodynamic polarization curves obtained after the
16-days exposure to the different conditions are shown in
Figure 4. The values of anodic (,) and cathodic (B.) Tafel
slopes, corrosion potential (Ec,,), corrosion current density
(icorr)> and the consequent corrosion rates (CR) obtained from
the polarization curves are listed in Table 2. Samples exposed to
nitrate reducing conditions showed a considerable higher
corrosion current density (15.8 pA/cm”) when compared to
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TABLE 2 | Electrochemical parameters obtained from Tafel analysis.

Corrosion of Carbon Steel by S. chilikensis

Condition Reactor Pa Be Ecorr icorr CR
mV/dec mV/dec mV vs.Ag/AgCl (MA/cm?) (mm y™)
Thiosulphate Biotic 123.3+2.5 87.6 £ 0.2 -724.2 + 3.4 7.4 +0.5 0.067 + 0.004
Abiotic 116.2 £ 8.4 809 £4.5 -721.6 £ 5.4 1.7+£02 0.015 + 0.001
Nitrate Biotic 952 +24 139.1 £ 28.9 -7415 £ 552 158+ 1.6 0.145 £ 0.015
Abiotic 195.5 + 10.7 137.3 £ 13.6 -550.9 + 4.0 154 £+ 6.0 0.140 + 0.055

500.00um

(B). (C,D) correspond to their respective sterile controls.

FIGURE 5 | 3D optical microscope surface images of coupons exposed to S. chilikensis under thiosulphate reducing conditions (A) and nitrate reducing conditions

@
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the samples exposed to the thiosulphate reducing conditions
(7.4 pA/cmz). These results are consistent with other
electrochemical measurements (LPR and EIS) corroborating
that nitrate represents a more corrosive scenario for carbon
steel. Nonetheless, greater current densities were recorded in
the coupons exposed to S. chilikensis under thiosulfate
reducing condition compared with its sterile control which
ratifies that S. chilikensis can promote corrosion of carbon
steel under both conditions at a different rate. Significant
differences in current density between the biotic and abiotic
reactors in the nitrate reducing condition were not recorded
with the polarisation studies. It is important to highlight that
potentiodynamic polarization analysis was only conducted on the
last day of exposure due to the damage it can cause to the metal;
differences between the sterile control and biotic conditions in the
nitrate reducing conditions could have occur earlier in the test.

Corrosion Rates by Mass Loss and Surface Analysis
Surface examination was conducted after the 16-days exposure to
assess localised corrosion. 3D optical microscopy revealed the
presence of pits in the metal surface of coupons exposed to biotic
conditions (Figure 5). Although both biotic conditions exhibited
localised corrosion, a notorious difference in the pit density and
pit depth was observed between conditions. Higher number of
pits were detected in coupons exposed to S. chilikensis under

thiosulphate reducing conditions (Figure 5A) compared to the
coupons exposed to nitrate reducing conditions (Figure 5B).
Average pit depth, calculated from the ten deepest pits found in
three coupons of each reactor, maximum pit depths, and pitting
rates are presented in Figure 6A. Deeper pits were visualised in
the presence of S. chilikensis, however, differences in the pit depth
vs. sterile controls were only significant in the thiosulphate
reducing condition (p < 0.05; Supplementary Table SI).
Differences in the pit depth between biotic conditions were
also statistically significant (p < 0.05; Supplementary Table
S1), S. chilikensis induced deeper pits under thiosulphate
reducing condition (40 + 10 um) compared with pits induced
under nitrate reducing condition (7 + 2 um).

Coupon’s mass loss was determined to calculate uniform
corrosion rates, mass loss and average corrosion rates are
presented in Figure 6B. Uniform corrosion measurements from
surface analysis correlate well with the results from electrochemical
measurements. Higher corrosion rates were calculated in coupons
exposed to S. chilikensis; differences in corrosion rates between
coupons exposed to biotic conditions compared to sterile controls
were significant (p < 0.05; Supplementary Table S2). Differences in
the uniform corrosion rates between biotic conditions were also
statistically significant (p < 0.05; Supplementary Table S2), S.
chilikensis induced higher uniform corrosion under nitrate
reducing conditions (0.19 + 0.01 mm/y) compared with uniform
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FIGURE 6 | Localised corrosion (A) and uniform corrosion measurements (B) of carbon steel coupons after 16-days immersion to thiosulphate and nitrate reducing
conditions.

corrosion rates induced under thiosulphate reducing condition
(0.04 + 0.004 mm/y).

In order to determine the impact of S. chilikensis in the
corrosion phenomenon, corrosion rates obtained in sterile
controls were subtracted from the biotic corrosion rates.
According to the qualitative categorization of carbon steel
corrosion rates as per NACE standard practice SP0775
(NACE, 2013), S. chilikensis promoted severe localised
corrosion and moderate uniform corrosion under thiosulphate
reducing conditions, and low localised corrosion and high
uniform corrosion under nitrate reducing conditions.

Microbiological Analyses

Biofilm Imaging

FESEM micrographs of the metal surfaces are shown in Figure 7.
Microscopy analysis confirmed the presence of cells attached to
the surface of the coupons exposed to the biotic conditions. In the
presence of S. chilikensis, a more complex film was observed.
Different layers with corrosion products, bacteria, and
extracellular polymeric substances (EPS) were noticed (Figures
7A-C). Contrarily, coupons exposed to the abiotic conditions
only presented a thin layer of deposits probably resulting from
salt precipitation or from abiotic corrosion reactions
(Figures 7B-D).

The morphology observations and elemental analysis of
corrosion products is shown in Figure 8. EDS analysis
indicated that corrosion products in the thiosulphate reducing
condition are predominantly composed by iron and sulphur
(Figures 8A,B), whereas corrosion products in the nitrate
reducing condition were mainly composed by iron, oxygen,
and phosphorus (Figures 8C,D). The presence of iron and
sulphur in the presence of thiosulphate confirms the
formation of biologically generated sulphides in the corrosion
products.

CLSM was used to identify live (green) and dead (red) cells in
the biofilm matrix (Figure 9). Images revealed that S. chilikensis

was able to form dense biofilms under both conditions. As shown
in Figure 9, after 16-days exposure, cells were predominantly
alive with minor concentration of cells that stained red. CLSM
analysis also showed patchy surface areas without biofilm, which
can generate different local environments across the metal
surface.

Microbial Concentration and Activity

MPN analysis showed that biofilms in the nitrate reducing
condition had 3 orders of magnitude more cells (4 x 10° cells/
cm?®) than biofilms formed under thiosulphate reducing
conditions (7 x 10° cells/cm?®). Interestingly, even though
biofilms formed under thiosulphate reducing condition
displayed lower concentration of cells compared to the
biofilms formed under nitrate reducing conditions, the ATP
values were slightly higher (53,772 pg/cm®) than in the nitrate
condition (45,812 pg/cm®) (Figure 10), suggesting that
metabolism of S. chilikensis using thiosulphate produced
higher yield of ATP.

DISCUSSION

This study assessed the corrosive potential of S. chilikensis strain
DC57 in the presence of different electron acceptors. For this, carbon
steel coupons were exposed to S. chilikensis in presence of
thiosulphate or nitrate which are chemical compounds typically
found in oil productions systems. For example, nitrate injection
has been extensively used by oil and gas producing companies in
order to suppress reservoir souring generated by sulphate reducing
bacteria (SRB) (Xu et al., 2013). Nitrate addition promotes the growth
of nitrate reducing bacteria (NRB) that out-compete SRB for source
of carbon and energy (Stott 2012; Iino et al, 2015a; Etique et al,
2018). Although nitrate treatment has been shown to be effective in
controlling reservoir souring, it has been reported that it can pose a
risk for the integrity of the downstream assets (Iino et al., 2015b; Yuk
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FIGURE 7 | SEM micrographs of coupon’s surfaces after 16-days exposure to S. chilikensis under thiosulphate reducing conditions (A) and nitrate reducing

conditions (C). (B,D) correspond to their respective sterile controls.
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et al,, 2020). For instance, corrosion promoted by NRB could take
part or be accelerated if concentration of nitrate in the environment
increases. MIC mechanisms supported under nitrate reducing
conditions include the production of nitrite, which is an
intermediate in dissimilatory nitrate reduction. Nitrite is electro-
active and redox-active molecule that can oxidise the Fe® in the steel
or react with ferrous iron from the corrosion process (Liu et al,
2021a). Nitrates can also support the direct microbial metabolism of
Fe or the consumption of cathodic H, enhancing the EET-MIC
mechanism (lino et al., 2015b; Jia et al., 2017), as well as through the
formation of thick biofilms that induce localized cathodic and anodic
regions on the steel (Liu et al,, 2021b).

On the other hand, thiosulphate has been found to be present in
oilfield environments as a result of biological or chemical oxidation of
sulphides. Thiosulphate can be produced by oxidation of H,S when

oxygen is introduced in the system during processing or by the action
of sulphide oxidizing organisms (Amend et al, 2004). Likewise,
thiosulfate can be reduced to elemental sulphur or hydrogen
sulphide by the action of the thiosulphate reducing bacteria
(TRB). It has been stated that the biological turnover of
thiosulfate can be rapid and potentially a more significant
contributor to the sulphide concentration in oil reservoirs than
the sulphides produced by sulphate reduction (Liang et al., 2014).
Therefore, the presence of thiosulfate in the production systems
increases the risk of MIC (Lan et al., 2012). Corrosion rates prompted
by TRB have been found to be similar to the corrosion rates induced
by SRB (Liang et al., 2014; Machuca et al., 2017). These two metabolic
routes can accelerate corrosion through galvanic effects induced by
the precipitation of iron sulphide on the steel surface (Etique et al,
2018).
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FIGURE 8 | SEM micrographs and EDS spectra of coupon’s surfaces after 16-days exposure to S. chilikensis (A,C) and sterile controls (B,D) to thiosulphate (A,B)

Results of this investigation demonstrated that S. chilikensis
can cause MIC under both thiosulphate and nitrate reducing
conditions. However, marked differences were observed in the
corrosion mechanism between the two studied scenarios.
Electrochemical, weight loss and surface analyses of the metal
samples after 16-days exposure showed that uniform and pitting

corrosion were triggered by the bacterium. Uniform corrosion
implies the oxidation of the metal across its surface by a dissolved
oxidant resulting in metal mass loss, whereas, pitting corrosion is
a localized form of corrosion by which pits or holes are produced
in the metal (Wang et al., 2016). The weight loss data showed that
the presence of S. chilikensis in the test solution caused 3 to
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FIGURE 9 | CLSM images of biofilms formed by S. chilikensis after 16-days exposure to thiosulphate (A) and nitrate (B) reducing conditions.
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FIGURE 10 | Sessile cell counts and ATP level in biofims formed by S.
chilikensis after 16-days exposure to thiosulphate and nitrate reducing
conditions.

4 times more uniform corrosion than the sterile controls. The
highest uniform corrosion was obtained when S. chilikensis was
present in the nitrate reducing condition, which was 4 times
greater than the uniform corrosion in the thiosulphate reducing
condition. Electrochemical measurements were consistent with
these results, LPR and EIS data showed that corrosion rates in
coupons exposed to the S. chilikensis under nitrate reducing
condition were greater than in the thiosulphate reducing
condition. Uniform corrosion by other species of the genus
Shewanella (S. oneidensis MR-1) has been previously reported
when nitrate was available in the test solution (Miller et al., 2018).

The authors stated that nitrite accumulation as a result of nitrate
reduction prompted general corrosion of the metal surface. As
mentioned before, nitrites can cause corrosion by interacting
directly with the elemental iron from the steel or by reacting with
the ferrous iron from the proton reduction reaction (Weber et al.,
2006). Moreover, the heterogeneous distribution of the biofilm
may have generated nitrite concentration cells, resulting in the
localised corrosion observed in this condition. Most common
corrosion products formed from nitrite corrosion of mild steel are
maghemite (Fe,0;), goethite (FeOOH), lepidocrocite (FeOOH)
and magnetite (Fe;O4) (Lee, Kim, and Kim 2012), which
correlates well with the elements detected in the EDS analysis
of coupons exposed to nitrate reducing condition (Fe and O),
although, further analyses are required to identify which
corrosion products are formed by the action of S. chilikensis
under nitrate reducing conditions.

Profilometer analysis instead revealed that S. chilikensis
induced a greater localised corrosion when thiosulphate was
present in the test solution. Under thiosulphate reducing
conditions S. chilikensis produces hydrogen sulphide, which is
widely known by its corrosive effect on mild steel (Duret-Thual
2014; Zheng, 2015; Jia et al., 2018). Indeed, corrosion of mild steel
by thiosulfate reducing bacteria has normally been related to very
active pitting corrosion with penetrations up to 10 mm per year
(Campaignolle et al, 1996; Magot et al., 1997). It has been
reported that under specific conditions, thiosulfate alone can
cause pitting corrosion (Newman et al., 1989; Zhang, Carcea, and
Newman 2015). Nevertheless, absence of localised damage in
sterile controls proved that the localized attack was only
stimulated by the metabolic activities of S. chilikensis.
Although S. chilikensis caused MIC under both conditions, the
severe localised corrosion observed under thiosulphate reducing
conditions represent a higher MIC risk for industrial
infrastructure compared to the uniform corrosion observed
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under nitrate reducing conditions. Pitting corrosion can lead to
the rapid perforation of a local area, resulting in structural failures
(Fu et al,, 2021). Therefore, when assessing the risk of MIC, it is
very important to consider the specific metabolic reactions that
microorganisms can perform according to the environmental
conditions.

CONCLUSION

Results of this investigation have demonstrated that the extent of
microbiologically influenced corrosion is highly dependent on the
characteristics of the environment. In this study, S. chilikensis
DC57 a bacterium previously isolated from an oilfield corrosion
failure, promoted severe pitting corrosion of carbon steel when
thiosulphate was used as electron acceptor. Under nitrate
reducing conditions, S. chilikensis increased uniform corrosion
but only minor pitting corrosion was observed, despite the high
concentration of cells present in the biofilm. The above reinforces
the importance of the chemical and microbiological data
integration to assess the potential risk of MIC in industrial
systems. Therefore, evaluation of the MIC risk must consider
both the microbial species present in a system but most
importantly, the environmental conditions, in particular
nutrient availability, and associated metabolic activities that
microorganisms can perform on metallic surfaces under such
conditions.
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