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ABSTRACT

Carbon steel is currently being considered as a candidate canister material for use in a deep geological
repository of radioactive waste. Assessment of canister material corrosion through microbial activity is
an important part of the safety assessment for the final repository. The aim of study was to compare
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and characterise the corrosion behaviour of carbon steel under sterile and non-sterile anaerobic

conditions in natural groundwater containing sulphate-reducing bacteria (SRB). A molecular-
biological approach was used to determine the presence and abundance changes of relevant
bacterial groups. Carbon steel corrosion rates were higher in the presence of SRB compared with
sterile control. EIS described the evolution of three time-constants under non-sterile conditions,
while scanning electron microscopy confirmed that the carbon steel surface was covered with a
two-layer biofilm. Molecular-biological analysis of the water and biofilm indicated the dominance of
SRB, with Desulfomicrobium and Desulfovibrio species prevalent.

Introduction

Microorganisms can cause microbially influenced corrosion
(MIC), also known as biocorrosion, on a wide range of
materials [1]. There are numerous examples showing that
MIC can result in higher corrosion rates than would normally
be expected for a particular environment/material combi-
nation [2]. Such high corrosion rates can lead to the prema-
ture failure of individual components or compromise
structural integrity [3]. In deep geological disposal a com-
monly accepted strategy for management and treatment of
high level long-lived radioactive waste [4], a multi-barrier sys-
tem is planned to ensure its long-term safe storage. This
multi-barrier system consists of the host rock, clay material
and the metal canister. Although one of the main roles of
the buffer clay material is to reduce microbial activity, it
has repeatedly been shown that microbial activity cannot be
suppressed completely [5-10]. In such cases, the metal canis-
ter, whose main role is to prevent radionuclides being
released into the surrounding environment, may be threa-
tened by MIC [9,10]. Since the protective function of the
clay buffer is not absolute, it is essential that the corrosion
behaviour of the confining material is fully understood in
order to ensure the overall safety of the disposal process
[4,11].

In the Czech Republic, the general concept of deep geo-
logical repository is based on the Swedish KBS-3 concept
with certain modifications, for example the repositories
are constructed in crystalline host rock using steel-based
disposal canisters and bentonite as a buffer material [12],
with the metal canisters being embedded several hundred
metres below ground level [13]. It has already been demon-
strated that microorganisms are present and metabolically
active in such deep underground ecosystems [14-17]. The

KEYWORDS

biofilm; corrosion; deep
geological repository;
electrochemical impedance
spectroscopy; microbially
influenced corrosion;
radioactive waste repository;
sulphate reducing bacteria

so-called deep biosphere is devoid of oxygen, hence micro-
organisms use nitrate, manganese, iron, sulphate or carbon
dioxide as terminal electron acceptors for respiration, or
gain energy through fermentation processes [18]. Sul-
phate-reducing bacteria (SRB) are typical anaerobes that
utilise sulphate as a terminal electron acceptor and organic
compounds and hydrogen as electron donors and a source
of energy. Under anoxic conditions, which will prevail for
most of the repository’s lifetime, SRB gain energy by
reduction of sulphate or other sulphur compounds to
form hydrogen sulphide (H,S), an aggressive corrosive
element that can seriously threaten the integrity of metal
canisters by accelerating their corrosion rate [19]. The elec-
tron donor is either a hydrogen ion (evolved either as a
metabolic product of other bacteria or by hydrolysis due
to the corrosion process) or an organic compound [20].
In addition to SRB, other bacterial groups (e.g. thiosul-
fate-reducing bacteria, nitrate-reducing bacteria, acetogenic
bacteria) are also known for their ability to participate in
biocorrosion [21-26]. However, SRB are considered to
play a key role in the anaerobic corrosion of iron [27-30]
as they are widespread in many natural and engineered
environments. It has been demonstrated that interface
locations between the buffer and other mbkaterials (i.e. at
locations constituting a discontinuity in the homogeneity
of the buffer) are clearly preferred environments for
microbial activity as water content is higher and dry density
of the buffer material lower than in the bulk buffer [31].
Since such interfaces will exist between the metal canister
and the buffer material, microbial activity is expected to
be higher at such locations, possibly resulting in MIC.
After closure of a repository in which an anoxic environ-
ment has evolved, localised corrosion may be induced by
the activity of anaerobic microorganisms (mainly SRB).
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Such localised MIC attack mostly results in pitting, with more
generalised corrosion occurring later [11,32]. SRB promote
anaerobic corrosion of iron via two basic mechanisms,
namely indirect and direct. The indirect mechanism (also
called chemical microbially induced corrosion; CMIC; e.g.
[20]) is a chemical attack by hydrogen sulphide, which is fas-
ter than that by water and promotes so-called hydrogen
embrittlement of the metal. Under the direct mechanism
(also called electrical microbially influenced corrosion;
EMIC; e.g. [20]), SRB stimulates corrosion by scavenging
‘cathodic hydrogen’ or a ‘hydrogen film’ on water-exposed
iron [20,33]. Both mechanisms may occur simultaneously
to differing extents [33].

Microorganism activity usually occurs in biological films
(biofilms), composed of different microorganisms, and
organic and inorganic materials [32]. These biofilms have
a unique ability to adapt and survive under extreme values
of pH, temperature, redox potential, salinity, pressure and
radiation. Microorganisms near metal surfaces attach them-
selves through the production of extracellular polymeric
substances (EPS). Interactions between the metal surface
and the biofilm may then alter the kinetics of anodic/catho-
dic reactions occurring during electrochemical processes.
Biofilm formation may enhance metal deterioration [34]
by affecting the physico-chemical properties of the metal
surface or by altering the properties of the passivation
layer [11]. On the other hand, biofilms can also have a pas-
sivation effect, protecting the metal surface against cor-
rosion [35].

Over the last decade, several studies have reported MIC
on stainless steel, carbon steel and P235GH steel materials
under repository relevant conditions [4,34-37]. A recent
study on MIC of carbon steel exposed to anaerobic soil
using conventional electrochemical techniques demon-
strated localised corrosion on the steel surface accompanied
by breakdown of the biogenic ferrous sulphide (FeS) film
[38]. Similarly, a study on carbon steel corrosion in a
deep groundwater environment containing bacteria
described pitting corrosion caused by microbial activity.
During this three-month study, a corrosion rate of
1.4 um-a~" of carbon steel coupon was described at room
temperature and 11.4 um-a~' at 6°C [39]. While a further
study also noted biofilm formation on carbon steel exposed
to SRB, the experiment only lasted 35 days, which limited
the corrosion behaviour observed [34]. Overall, these
studies were subject to a number of methodological short-
comings, such as lack of microbial analysis and/or sterile
control conditions and inadequate exposure time.

In order to better understand the processes outlined above,
we undertook a series of experiments lasting 240 days in both
non-sterile (i.e. groundwater containing SRB) and sterile
anaerobic conditions. The experiments were designed to (a)
determine and understand the contribution of biocorrosion
to overall corrosion, and (b) determine microbial community
composition and describe the bacteria responsible for cor-
rosion and biofilm formation using molecular biological
approaches.

Experimental procedures

Material and groundwater samples

Circular test plates, measuring 15 mm in diameter and 3 mm
thick, were constructed of commercial C15E low carbon steel

Figure 1. Microphotograph of the carbon steel sample.

(wt-%, 0.15 C, 0.58 Mn, 0.256 Si, 0.029 S, 0.06 P, and Fe bal-
ance; see Figure 1). For the corrosion experiment, the plate
surface was mechanically polished with P500 silicon carbide
grinding paper in an Argon-purged glove box, following
which the plates were cleaned with de-aerated ethanol. Natu-
ral groundwater was collected at a depth of approximately
100 m from the VITA source at the Josef Underground
Research Centre (Czech Republic; chemical composition pro-
vided in Table 1). The water is naturally anaerobic and con-
tains a microbial consortium dominated by SRB. A sterile
abiotic control was obtained through sterile filtration of the
same groundwater through a membrane filter with a pore
size of 0.22 pum [40].

Electrochemical measurement

The corrosion experiment was carried out in an argon-purged
glove box (gaseous oxygen concentration <1 ppm volume) at
approximately 25°C for 240 days. Open circuit potential
(OCP or corrosion potential) measurement and electroche-
mical impedance spectroscopy (EIS) was undertaken weekly
using a Gamry Reference 600 potentiostat/galvanostat/ZRA
(GAMRY, USA), in order to characterise the corrosion pro-
cess over the 240-day exposure period. Electrochemical
measurements were performed with a three-electrode system,
using a saturated calomel electrode as reference and two
graphite rods as auxiliary electrodes Figure 2. The working
electrode had an exposed metal surface area of 1 cm® The
EIS tests were performed with a sinusoidal signal of 10 mV
amplitude over a frequency range of 100 kHz-5 mHz at the
corrosion potential. Later measurements, performed in
order to gain information on polarisation resistance under
non-sterile conditions, had an increased frequency range
from 100 kHz to 10 pHz. Corrosion potential was highly
stable and allowed EIS measurement at lower frequencies.
Analysis of impedance spectra was performed using Gamry
Echem Analyst 6.24 and ZSimpWin 3.50 software.

Surface and cross-section analysis

The steel specimen surfaces were examined after 240-days
exposure using a LYRA3 scanning electron microscope
(SEM; Tescan, Czech Republic). Changes in surface mor-
phology were observed with secondary electron detectors
(SE and In-beam SE mode) and back-scattered electrons
(In-beam BSE mode) at 5 kV accelerating voltage. Energy-
dispersive X-ray spectroscopy (EDS) was used to determine



Table 1. Chemical composition of the VITA natural groundwater.

Analyte Concentration [mg L™'] Detection limit [mg L™"]
Mg** 126 <0.1
Ca** 60 <0.1
Na* 54.7 <1
K+ 1.79 <0.1
Fe?* 1.01 <0.02
Mn?* 0.11 <0.005
it <0.005 <0.005
TOC 97.0 <1
NH <0.05 <0.05
cr 16.6 <2
NO3 <0.05 <0.05
NO3 <2 <2
Nors 56.4 <10
PO; 1.0 <0.05
F < 0.05 < 0.05
H,S 0.08 < 0.01
Parameter value
Conductivity 61.1

mScm™]
pH 7.2

local chemical composition using unprepared samples. Sub-
sequently, the samples were modified by pouring into poly-
acrylic resin followed by cutting and polishing, after which
they were carbon sputtered to a thickness of 10 nm to provide
charging reduction. Cross-section analysis was then per-
formed at 20 kV accelerating voltage.

Cross-section analysis of corrosion penetration was car-
ried out using an Olympus PME3 metallographic microscope
equipped with AxioVision software. Micro-Raman analysis
was then performed using a Thermo Scientific DXR2xi spec-
trometer with a 532 nm laser line coupled with an optical
microscope using a 10x magnification objective lens. Laser
power was set at 0.5 mW in order to minimise possible
phase transition of corrosion products.

Molecular biological analysis

DNA extraction and quantification

DNA was extracted from freshly collected underground water
(VITA), test water and any biofilm forming on the surface of
the carbon steel at the end of the experiment (240 days). Bac-
teria from the water samples was concentrated for subsequent
analysis by filtering through a 0.22 um GV Durapore® filter
membrane under sterile conditions. Biofilm samples from
the metal’s surface were collected using sterile swabs. Geno-
mic DNA from the membrane filters and biofilm were
extracted using the MO BIO PowerWater DNA Isolation
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WORKING ELECTRODE
AUXILIARY
ELECTRODE
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Figure 2. Experimental corrosion cell.
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Kit (MO BIOLaboratories, Carlsbad, CA, USA) following
the protocol provided by the manufacturer. Extracted DNA
was quantified using a Qubit 2.0 fluorometer (Life Technol-
ogies, CA, USA).

Quantitative polymerase chain reaction analysis
Quantitative polymerase chain reaction (qQPCR) analysis was
used to determine changes in the relative abundance of SRB
by detecting gene levels for the adenosine-5-phosphosul-
phate reductase (apsA) and dissimilatory sulphite reductase
(dsr A) genes [41]. Both the apsA and dsr A genes are func-
tional markers for SRB. Similarly, the 16S rDNA gene was
used to monitor changes in total bacterial biomass using
the 16s rRNA primer [42]. The 16S rRNA gene is a molecu-
lar marker for identifying the relative abundance of bacterial
biomass. qPCR was performed on a Light Cycler® 480
(Roche, Switzerland), with reaction mixtures prepared in
10 pL of reaction volume. The mixture contained 2 uL of
DNA template, 5 uL. KAPA SYBER FAST qPCR kit (Kapa
Biosystems. Inc., MA, USA), 0.4 puL of 20 uM forward and
reverse primer mixtures (Generi Biotech, Czech Republic,
IDT, US) and 2.6 pL ultra-pure water (Bioline, UK). Two
parallel qPCR reactions were conducted for each DNA
sample, along with a control with no DNA template. Reac-
tion conditions comprised an initial 5 min incubation at
95°C, followed by 45 cycles of denaturation at 95°C for
10 s, annealing at 60°C for 15 s and extension at 72°C for
20 s, with a final extension at 72°C for 3 min. Finally, a melt-
ing curve was set for 5 s at 95°C, 1 min at 65°C, then ranging
from 60 to 98°C with a temperature gradient of 40°C per
10s. Purity of the amplified fragment was determined
through observation of a single melting peak. Crossing
point values were obtained using the ‘second derivative
maximum’ method included in the LightCycler® 480 Soft-
ware. This method has different amplification efficiencies
for each primer, with individual amplification efficiency
determined by measuring the slope of curves constructed
from a serial dilution of template DNA from five environ-
mental internal standards. During the evaluation process,
each water sample was normalised to dilution and the
total amount of DNA extracted. The relative abundance of
the bacterial 16S rDNA gene and apsA and dsrA genes
was calculated and expressed as a fold change between initial
and end of sampling time using the delta Cp method. Using
this method, each molecular biological marker is considered
separately and the trends in relative abundance observed
over time.

Next generation sequencing

The DNA extracted from the filter and biofilm samples (as
described above) was used for 16S rRNA gene amplicon
sequencing. Two consecutive PCR reactions were per-
formed per sample in order to amplify the V4 region of
the bacterial 16S rRNA gene, using normal and barcode
fusion primers. In silico analysis of primers was conducted
the amplicon size kept below 400 bp in order to cover as
much microbial diversity as possible. Amplification of the
16 S rDNA gene itself was undertaken using the primers
530F [43] and 802R [44]. PCR conditions for the first
PCR run were as follows: 95°C for 3 min; 10 cycles at 98°
C for 20 s, 50°C for 15s and 72°C for 45s, and a final
extension at 72°C for 1 min. The second PCR run was
performed as follows: 95°C for 3 min; 35 cycles at 98°C
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Figure 3. Bode plots of electrochemical impedance spectra time evolution for carbon steel under sterile conditions.

for 20s, 50°C for 15s and 72°C for 45s, with a final
extension at 72°C for 1 min. PCR products were purified
using the Agencourt Ampure XP system (Beckman Coul-
ter, Brea, CA, USA), the concentration of the purified
PCR product being measured with a Qubit 2.0 fluorom-
eter (Life Technologies, USA). Subsequently, the bar-
code-tagged amplicons from different samples were
mixed in equimolar concentrations. Templating and
enrichment for sequencing was performed using the
One-Touch 2 and One-Touch ES systems (Life Technol-
ogies, USA), with sequencing of the amplicons performed
on the Ion Torrent Personal Genome Machine (PGM)
using the Ion PGM Hi-Q Sequencing Kit with the Ion
314 Chip v 2 (Thermo Fisher Scientific), following the
manufacturer’s instructions.

The raw Ion Torrent reads were processed using
Mothur software v 1.39.5 [45], with high quality reads
and reads with a length between 200 and 400 bp only
used for further analysis. These settings produced
269,508 reads with an average length of 268 bp. Mothur
pipeline settings were verified using a MOCK community
sample. Chimeric sequences were identified using the
VSEARCH algorithm [46] and subsequently removed.
The sequences were then classified against the Silva data-
base v 123, using 80% as a bootstrap value, and clustered
into operational taxonomic units using an identity
threshold of 97%. Cluster analysis was undertaken using
the Vegan package in the R statistical software package
[47]. Only those taxa with a relative abundance over 1%
were visualised.
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Results and discussion
Electrochemical impedance spectroscopy

Time evolution of impedance spectra, measured under both
sterile and non-sterile conditions, is provided as Bode rep-
resentations in Figures 3 and 4. High phase shift values at a
frequency range of 100 kHz to 1 kHz appear to be artefacts
caused by a parasitic capacitance originating from the electro-
chemical cell. Consequently, this part of the spectra was dis-
regarded during further analysis. Spectra measured under
sterile conditions are characterised by a single capacitive
time constant over the whole measurement period, indicating
uniform corrosion of the carbon steel. This corrosion stage is
modelled in the circuit description code by the equivalent cir-
cuit RI(R2Q1), where R1 is the solution resistance, R2 is the
polarisation resistance and Q1 is the dispersive double-layer
capacitance characterised by the constant phase element.
Table 2 shows selected results for EIS measurements

Table 2. Results of EIS measurements performed under sterile conditions.

Element — Q1 R2
Time (h) | R1 [Ohm cm?] Qs "m™ n [Ohm cm?]
5 872 1.75E—04 07862 5198
48 876.4 2.76E—04 07739 19,430
482 867.2 5.76E—04 0.8081 32,170
890 814.7 5.99E—04 08195 36,710
1295 7475 6.10E—04 0.8243 42,770
1679 681.5 7.05E—04 0.8473 82,160
2038 640.5 7.19E—04 0.8949 127,700
2906 4843 7.13E-04 09100 157,300
3818 4124 6.79E—04 0.9191 208,500
5661 301.6 7.01E—04 0.9082 209,600

1 time constant

90 4 2 time constant
| 2230 h. 3 time constant
80 1680 h. 485 h.
70 4419 R |
~
60
”~~
3 50 /
<] 3959 h.
~—r 40
'el 30
20
10
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10° 10* 10° 102 10" 10° 10" 10® 10°

0
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Figure 4. Bode plot of electrochemical impedance spectra time evolution for carbon steel under non-sterile conditions.
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Figure 5. Equivalent circuits used for EIS data fitting and time evolution of corrosion stages.
Table 3. Results of EIS measurements performed under non-sterile conditions.
Element — R; Q R, > Rs Q R4
Time (h) | [Ohmecm? Q7 's™em ™ m [Ohmm?  [Q's"em™ n, [Ohmem?  [Q7's™"m™? n3 [Ohm cm?]
6 691 9.56E—-05 0.7916 43,580
47 724.8 9.71E-05 0.8411 105,600
485 496.1 0.00195 0.7933 27,700
866 308.4 0.0111 0.9356 17,300 0.0144 0.4866 2974
1295 206.8 0.01756 0.8993 25,710 0.00411 0.4387 102.2
1537 142.6 0.02229 0.8983 30,390 0.00175 0.4864 175.8
2230 100.1 0.02785 0.8932 63,370 0.0021 0.4639 298.8
4239 80.32 0.05035 0.9358 85,130 0.00356 0.5608 22.65 0.00113 0.9792 3381
5080 82.21 0.02807 0.8554 125,800 0.00374 0.5904 20.06 0.0013 0.9781 6891

performed under sterile condition. The three equivalent cir-
cuits (Figure 5) were used sequentially for data fitting under
non-sterile conditions, representing three corrosion stages.
The first corrosion stage is characterised by one capacitive
time constant, equivalent to the sterile environment, where
R1 is the solution resistance, R2 is the polarisation resistance
and QI is the dispersive double-layer capacitance.

Initial EIS measurements under both sterile and non-ster-
ile conditions showed similar corrosion patterns character-
ised by the presence of a single time constant. In the non-
sterile environment, the main differences observed were a
more rapid increase in dispersive double-layer capacitance
and a rapid decrease in solution resistance over time. A
second corrosion stage was observed after 23 days, rep-
resented by the occurrence of two time constants due to
biofilm formation. This corrosion stage was modelled in the
circuit description code by the equivalent circuit R1
(R2Q1)(R3Q2), where R3 represents resistance of the
biofilm and Q2 is dispersive capacitance of the biofilm.
Values n2 of dispersive capacitance Q2 indicating the influ-
ence of diffusion. The second biofilm time constant appeared
in the high-frequency area. A third-time constant was
observed after 112 days which is usually indicative for the
change of the corrosion state on the surface. This was
confirmed by the results of SEM measurements (see below)
revealing the presence of the second biofilm layer. The for-
mation of the second biofilm layer caused a shift in Faradaic
charge transfer to very low frequencies of up to tens of pHz
linked to an increased contribution of diffusion resistance.
This corrosion stage was modelled in the circuit description
code by the equivalent circuit R1(R2QI1)(R3Q2)(R4Q3),
where R4 represents the resistance of the second biofilm
and Q3 is the second biofilm’s dispersive capacitance. The
impedance of the second biofilm layer differed from that of

the first by showing lowered value n3 and increased
capacitance. Table 3 shows selected results for EIS
measurements under non-sterile conditions. Approximation
accuracy of the experimental data by each equivalent circuit
(x*-chi-square goodness of fit test) achieved similar values
in sterile and non-sterile environments, ranging in the
order of 107* to 107>,

The polarisation resistance time dependence under sterile
and non-sterile conditions was estimated by fitting nonlinear
least squares (Figure 6). Increased polarisation resistance
during the early stages of the experiment under non-sterile
conditions can be attributed to sedimentation of solid par-
ticles (probably carbonates), which has an inhibitory effect
on corrosion rate compared with the sterile environment
without colloidal particles. When SRB were present, carbon
steel polarisation resistance decreased by a factor of two
after 240 days, when compared with sterilised VITA

groundwater.
300000 = VITA non-sterile
= VITA sterile
200000 |
e
o
a
o
(g
100000 |
0 T T T T T 1
0 1000 2000 3000 4000 5000 6000

Time (hours)

Figure 6. Time evolution of polarisation resistance.
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Figure 7. Scanning electron micrographs of the biofilm formed on carbon steel exposed under non-sterile conditions after 240 days incubation (SE detector).

Surface and cross-section analysis

SEM images indicated that the surface of carbon steel in the
presence of bacteria was covered with a relatively thick layer
of spherical and rod-shaped microorganisms with many cells
visible (Figure 7). The biofilm consisted of microorganisms
surrounded and held together by an excreted gelatinous matrix
of EPS composed of high molecular weight compounds [48,
49]. The bacteria were about 2 um long and had a typically
cylindrical shape. The SE detector mode provided the best sur-
face visualisation, showing the bacteria as dark rod-shaped
objects (Figure 8). The main disadvantage of this mode was

the difficulty in finding bacterial cells. Use of the BSE detector
improved the imaging contrast between bacterial cells (com-
prising elements of lower atomic number) and the steel’s sur-
face due to the backscatter of electrons, which made areas
where bacteria were located appear darker (Figure 8). Surface
analysis showed a heterogeneous sample surface with some
areas covered with biofilm and some with many flat crystals.
Local EDS analysis demonstrated that the corrosion pro-
ducts were mainly composed of iron, oxygen, sulphur and
carbon. This finding was supported by elemental maps of
those areas with bacteria present (Figure 9). The presence
of sulphur and iron suggests iron sulphide minerals

Figure 8. Scanning electron micrograph of the biofilm formed on carbon steel exposed under non-sterile conditions after 240 days incubation — comparison of

different detector modes (left SE detector, right In-Beam BSE detector).

SEM micrograph

Ipm

b

Tum |

Figure 9. Energy-dispersive X-ray elemental maps of the corroded region with bacteria present (marked with a white line).
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Figure 10. Comparison of filters after filtration of the water used for the exper-
iment. Left: sterile negative control, right: non-sterile sample.

formation, thereby indicating bacterial activity. Additionally,
black turbidity was observed in the experimental cell (see
Figure 10) and on the surface of the testing coupon under
non-sterile conditions. In contrast, no sulphur or signs of
microbial activity were detected by SEM/EDS on the sample
under sterile conditions. SEM analysis indicated that the cov-
ering layer was stratified into a thicker (approx. 24.5 pm)

Wit%
Sigma
Fe 60,9 0,11
(] 21,56 0,1
S 15,17 0,06
1,65 0,07

Spectrum Wt%

Ca 033 0,02
i 0,21 0,02

0,18 0,02
100

Spectrum
3

Si

(o]

Fe

S
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inner layer (labelled 2 in Figure 11) and a thinner (approx.
3.7 um) outer layer (labelled 1 in Figure 11), representing
dry film thickness. The composition of these layers differed,
with the inner layer being dominated by iron and oxygen
with a small amount of sulphur and the outer layer compris-
ing iron with oxygen with sulphur dominating for the EDS
spectra (the point labelled 3 in Figure 11 was dominated by
silicon).

The cross-section images given in Figure 12 show that
corrosion penetration is much lower and thickness more
homogeneous in the sterile sample, and much thicker and
less homogeneous in the non-sterile sample (evaluation
summary in Table 4). The average penetration for the ster-
ile sample was 8.36 and 27.80 pm for the non-sterile
sample, while maximum penetration was 14.01 um for the
sterile sample and 61.31 um for the non-sterile sample.
Extreme penetrations observed at the non-sterile sample
surface are probably caused by occluded solution formation
under the biofilm, with subsequent localisation of the cor-
rosion attack.

Spectrum
P

Fe
0o
As
Si
Ca
S
K

Mn
cl

Figure 11. Scanning electron micrograph showing the formation of a corrosion layer. The image shows a sample cross section with bacteria present (above) and the

respective X-ray spectra of positions 1, 2 and 3 (below).
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Figure 12. Cross sections of the sterile (left) and non-sterile (right) steel after exposure.

Table 4. Evaluation of corrosion penetration on cross-cut samples at the end of
the experiment.

Corrosion penetration (um)

Environment Average Standard deviation Minimum Maximum
Sterile 8.36 2.69 3.49 14.01
Non-sterile 27.80 10.74 10.46 61.31
5 g Sample C - non-sterile

B

z

8

; 3 Mackinawite

£

T

o

T T
0 500 1000 1500

Raman shift (cm™")

Figure 13. Raman spectra of carbon steel under non-sterile anaerobic con-
ditions in VITA water after 293 days (top) and mackinawite standard (bottom).

Sterile and non-sterile samples were also analysed by
micro-Raman spectroscopy, which detected the presence of
mackinawite (Fe;,,S) on the surface of the samples exposed
to bacteria (characterised by peaks at 217, 280, 391, 487,
595,653 and 1286 cm™'; Figure 13). Mackinawite and greigite
(FesS,) are a corrosion product typically reported from sys-
tems exposed to SRB and is therefore considered
an indication of microbial activity on the surface of the
material [50].

16 SrRNA

= N
N I NI
]
\
\
\
\
I
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]

Relative quantification
\
Relative quantification

o
wn

SRB-apsA gene

Microbial community analysis

Results of qPCR analysis indicated that the relative abun-
dance of bacterial biomass (detected by the universal 16S
rDNA marker) in the water sample increased slightly com-
pared with the start of the experiment (Figure 14). In con-
trast, the amount of SRB in the water sample decreased
approximately fivefold after 240 days (Figure 14). However,
when interpreting these results, it should be taken into
account that most bacteria contributing to MIC are expected
to grow in the biofilm. No bacteria were detected by qPCR
under sterile conditions.

Microbial composition of the test water and biofilm after
240 days was determined alongside the initial VITA ground-
water source using NGS amplicon sequencing. The initial
VITA water was dominated by mesophilic and thermophilic
SRB such as Desulfobacula, Desulfomicrobium, Desulfovibrio
and Desulfurivibrio (all Deltaproteobacteria). The genera
Paludibacter (Bacteriodetes) and Thiobacillus (Betaproteo-
bacteria), along with members of the Rhodocyclaceae and
Comamonadaceae families (both Betaproteobacteria), were
also common in VITA water. While the taxonomic compo-
sition of the microbial community present in both water
and biofilm samples collected after 240 days changed, the
communities were still dominated by SRB (Figure 15).
While both Desulfobacula and Desulfurivibrio were detected
at low numbers in the 240-day water and biofilm samples,
Desulfomicrobium and Desulfovibrio spp. dominated in the
biofilm sample. Members of these genera can utilise organic
compounds or hydrogen as electron donors and sulphur
compounds as electron acceptors [51,52] and, therefore
they participate in MIC [20]. Both genera are also able to pro-
mote anaerobic corrosion indirectly (CMIC) through the cor-
rosive chemical agent hydrogen sulphide. In addition, the
genus Desulfovibrio includes many strains that have the

SRB- dsrA gene

0,8 \ ;
) = W= non sterile
0,6 \

0,4 N

Relative quantification

0,2 S

o
o

0 Day 240 Days 0 Day

240 Days

0 Day 240 Days

Figure 14. Results of qPCR analysis of the 16S RNA (total bacterial biomass) and apsA and dsrA genes (SRB), shown as relative change compared to the start of the

experiment.
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Figure 15. Heat map showing the results of next generation amplicon sequencing (only taxa with abundance over 1% visualised).

ability to corrode metals through direct withdrawal of elec-
trons from the metal surfaces [20,33,53]. Under nutrient lim-
iting conditions, as found in the groundwater examined in
this study, the concentration of organic electron donors is
relatively low and, as a result, microbes probably attack the
steel as it represents a good source of electrons for reduction
of sulphate to sulphide [39].

The obligate anaerobes Anaerolinaceae, found in low
numbers in the initial VITA water, were detected in relatively
high numbers in samples collected after 240 days. Similarly,
members of the class Halophagae (subgroup_7_ge; phylum
Acidobacteria) were also found in both 240-day water and
biofilm samples in higher quantities than at the beginning
of the experiment. At the same time, the numbers of other
bacteria present in the initial VITA water sample declined
significantly (see Figure 15). Natural biofilms are composed
of a wide variety of microbes, including bacteria, archaea
and fungi. When multiple corrosion-causing species are pre-
sent they will act synergistically, causing severe corrosion
[35,54]. A recent study conducted on water from the Yucca
mountains (USA), for example, showed a higher rate of cor-
rosion in the presence of a mixed bacterial population (iron
and sulphur reducing bacteria) than in the presence of single
species [55].

Conclusions

Under strictly anaerobic conditions, exposure of carbon steel
to natural VITA underground water containing SRB resulted
in the formation of a biofilm and corrosion product layers,
determined and verified by EIS and SEM. Molecular biologi-
cal analysis of both water and biofilm indicated dominance of
Desulfomicrobium and Desulfovibrio spp. (both SRB). In
brief, the following conclusions can be drawn:

o Steel corrosion rates were higher in the presence of SRB
compared with samples without bacteria.

The formation of a biofilm on the steel surface accelerated
and localised the corrosion process.

Presence of mackinawite, a corrosion product usually
attributed to SRB activity, was confirmed by Raman
spectroscopy.

Desulfomicrobium and Desulfovibrio spp. dominated in the
biofilm.

Detection of sulphur compounds by SEM/EDS provided
evidence of reduction of sulphate to sulphide by SRB meta-
bolic activity.

Compared with steel under sterile conditions, the carbon
steel polarisation resistance was decreased by a factor of
two after 240 days in the presence of SRB, indicating a
higher corrosion rate.

During long-term experiments of MIC, determination of
polarisation resistance using EIS required the use of very
low frequencies (up to 10 uHz), owing to the increasing
contribution of diffusion resistance from the biofilm.
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