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Abstract

Biofilm formation and microbially influenced corrosion of the iron-reducing
microorganism Shewanella putrefaciens were investigated on stainless steel
surfaces preconditioned in the absence and presence of flavin molecules by
means of XANES (X-ray absorption near-edge structure) analysis and elec-
trochemical methods. The results indicate that biofilm formation was pro-
moted on samples preconditioned in electrolytes containing minute amounts
of flavins. On the basis of the XANES results, the corrosion processes are
controlled by the iron-rich outer layer of the passive film. Biofilm formation
resulted in a cathodic shift of the open circuit potential and a protective effect
in terms of pitting corrosion. The samples preconditioned in the absence of
flavins have shown delayed pitting and the samples preconditioned in the
presence of flavins did not show any pitting in a window of —0.3- to +0.0-V
overpotential in the bacterial medium. The results indicate that changes in the
passive film chemistry induced by the presence of minute amounts of flavins
during a mild anodic polarization can change the susceptibility of stainless

steel surfaces to microbially influenced corrosion.
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Despite the protective nature of the passive film, metal-
reducing bacteria, like Shewanella putrefaciens CN32, can

Austenitic stainless steels are widely used construction ma-
terials in various industrial applications due to their ability to
provide corrosion resistance without compromising in
strength.[l] Steels owe their corrosion resistance to the 1- to
the 3-nm-thin protective passive film formed on the surface
in contact with atmosphere. This passive film is governed by
its chemical composition and electrochemical properties.[2’3]

utilize iron and chromium species in the outermost oxide
layer on the steel surface as an electron acceptor.*”! Thus,
the chemistry and structure of the protective layer are al-
tered, and microbiologically influenced corrosion (MIC) is
responsible for changes in the corrosion resistance of stain-
less steels.!*”! Iron is the most abundant transition metal in
the environment, occurring mainly in two valence states as
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oxidized ferric Fe(III) and reduced ferrous iron Fe(II). Iron-
reducing microorganisms exhibit the ability to generate
energy by coupling the reduction of Fe(Ill) to Fe(Il) to
the oxidation of organic matter.!"”! In the context of MIC, the
reduction of Fe(IIT)-containing oxides is expected to alter the
stability of the passive film.

Alternatively to other modes of extracellular electron
transfer (EET), Shewanella spp. can utilize self-secreted
redox-active molecules for indirect electron transfer during
their metabolic activity.""' ! In the literature, it is described
as the predominant mode, partially because the electron
shuttle molecules, such as riboflavin (RB) and its derivative
flavin mononucleotide (FMN),"'*! are able to diffuse through
the biofilm to the steel surface, overcoming large distances."
Moreover, flavin molecules are known to be able to act as
chelating agents for iron oxides and to catalyze the cathodic
oxygen reduction reaction.*'*! It has been demonstrated
recently (in Part I) that the presence of RB and FMN during
mild anodic polarization results in thickening of the passive
film with an increase in Fe(II) oxyhydroxides, leading to
changes in the pit nucleation and corrosion properties.[“’]

Xiao et al.l'”! investigated whether riboflavin has the
ability to inhibit ferrihydrite transformation. O'Loughlin!™®!
studied the effect of electron transfer mediators on the
bioreduction of lepidocrocite by S. putrefaciens CN32. It was
shown that the reduction of Fe(IIl) oxides by dissimilatory
iron-reducing bacteria (DIRB) can result in the production of
a suite of Fe(Il) species including soluble Fe(I) complexes,
Fe(IT) complexes with organic and inorganic solid phases,
and a wide range of mineral phases containing structural Fe
(1) including magnetite (Fe;0,), siderite, or vivianite.!"*! The
analysis of the solid constituents by means of X-ray diffrac-
tion during Fe(II) production showed the gradual dis-
appearance of lepidocrocite and concomitant formation of a
carbonate green rust."*>’! Green rusts are mixed ferrous/
ferric hydroxides that have structures consisting of alternat-
ing positively charged hydroxide layers and hydrated anion
layers, which have been reported as products of bioreduction
of ferrihydrite and lepidocrocite by S. putrefaciens CN32.1'*!

The role of iron-reducing bacteria in the micro-
biologically influenced corrosion (MIC) of steels is
found to be inconclusive in the literature.l*"**! Re-
cently, few studies have demonstrated that the oxygen
scavenging effect of ferrous ions formed via the re-
ductive dissolution of the Fe(III) oxyhydroxide-rich
passive film by metal-reducing bacteria can inhibit
corrosion processes on steels.”?**! Additionally, the
heterogeneous nature of the biofilm is another influ-
encing factor determining the role of microorganisms
in corrosion processes. Differential aeration cells can
be formed beneath the biofilm, creating regions of
cathodic and anodic character on the steel surface,
which promotes corrosion processes.!**!

Miller et al.”*! demonstrated a protective effect of
Shewanella oneidensis MR-1 on carbon steel when the
biofilm is directly in contact with the metal surface.
When a second biofilm-free surface is connected to that
biofilm-covered surface over a zero resistance ammeter
(ZRA), the corrosion of the uncovered surface is in-
creased by 100%.1*"! These findings are of significant
importance for the understanding of MIC in technolo-
gical systems, which are characterized by the presence of
heterogeneous biofilms.

In this study, the exposure of stainless steel to flavins
during a mild anodic polarization was studied with a focus
on its effect on bacterial attachment, biofilm formation, and
corrosion behavior on AISI 304 stainless steel. It aims to
determine the influence of bacterial biofilm formation on
the corrosion process and electrochemical behavior of the
steel as well as the changes in the oxide chemistry. The ex-
situ X-ray absorption near-edge structure (XANES) analysis
was applied to investigate the corrosion products formed
during incubation with S. putrefaciens on preconditioned
stainless steel surfaces. The surface analysis was com-
plemented by electrochemical and microscopic studies to
characterize the differences in corrosion behavior. The re-
sults shall help to interpret the electrochemical interaction
of bacteria with steels, especially regarding the indirect role
of electron shuttle molecules in the corrosion behavior of
microbial consortia.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Austenitic stainless steel sheets of type AISI 304 (1.4301,
Goodfellow) were used as substrates. To achieve a
comparable and reproducible passive film chemistry, all
samples were electrochemically preconditioned at
+50 mV versus sat. Ag/AgCl (three-electrode setup with
a gold-wire counter electrode, Gamry 600+ potentiostat,
C3 Prozessanalytik) in a noninteracting 20-mM NaClO,
electrolyte with/without the addition of 1 uM of either
RB or FMN. The comprehensive sample preparation and
the detailed characterization of the substrates are
reported elsewhere.!'®!

2.2 | Cultivation of S. putrefaciens in a
continuous culture

S. putrefaciens CN32 (ATCC® BAA-1097™), facultative
anaerobic metal-reducing bacteria, were grown in con-
tinuous culture to eliminate cultivation-related influences
of batch cultures. For this purpose, a chemostat was
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TABLE 1 Composition of the Shewanella minimal medium
(ShMM) (adapted from M9 minimal medium, Miller et al.”?h

ShMM (pH 7)

NH,CI 15.0 mmol L™*
Na,SO, 7.0 mmol L™!
MgSO, 0.4 mmol L™*
CacCl, 0.4 mmol L™*

Na Glutamate 1.5mmol L™*

KH,PO, 4.25mmol L™!
Na,HPO, 4.25mmol L™!
Na Lactate 40 mmol Lt

installed, providing the bacterial culture at a set absorbance
at 600 nm (Aggo) of 0.1 in late exponential growth state for
all investigations. All settings were chosen on the basis of
growth kinetics of CN32 in the minimal medium with an
experimental growth curve investigation (plate count and
absorbance monitoring over 3 days).

The chemostat is placed in a temperature-controlled
water bath (30°C) on a magnetic stirrer and continuously
aerated by purging a sterile stream of air through a
porous glass filter placed at the bottom of the reactor.
A feed solution of sterile Shewanella minimal medium
(ShMM), pH 7 (Table 1, adapted from M9 minimal
medium, Miller et al.l**!), with 40-mM lactate, is pumped
at a flow rate of 10 ml/h. A drain prevents the culture
flask from overflow and acts as a waste material outlet.

2.3 | Electrochemical methods
The prepared stainless steel samples were incubated with
the bacterial culture at a 50:50 dilution with sterile
ShMM, a minimal medium to set the bacteria into the
exponential growth phase. During incubation, the bio-
film formation was monitored by means of electro-
chemical impedance spectroscopy (EIS) over a period of
3 days. In a three-electrode setup, a saturated Ag/AgCl
and a gold wire served as reference and counter elec-
trodes, respectively. EIS spectra were collected in a fre-
quency range of 100 MHz-10MHz with an AC
perturbation potential of 10 mV at a Gamry 600+ po-
tentiostat (C3 Prozessanalytik). Over the whole incuba-
tion time, impedance scans were recorded every hour to
follow the biofilm formation. Between the EIS data col-
lection, the open-circuit potential (OCP) was monitored.
After 3 days of incubation, cyclic polarization mea-
surements were performed in a potential range of —0.5 to
+1.0V versus OCP at a sweep rate of 1 mV/s with a
current cutoff at 25 uA/cm?. After the current cutoff was

reached, the potential was cycled back with the same rate
to the OCP value to investigate the repassivation beha-
vior. All electrochemical tests were carried out at least as
three independent measurements.

2.4 | Characterization of biofilm
formation and MIC processes

After incubation and electrochemical studies, the samples
were analyzed by means of scanning electron microscopy
(SEM). No cyclic polarization scans were performed on
preconditioned samples incubated only for biofilm analysis.
These samples were washed by dipping in H,O with stir-
ring at 240 rpm for 20 s to remove nonadherent cell mate-
rial. Fixation was peformed in a 2.5% glutaraldehyde
solution for 4 h at 4°C (diluted 25% for electron microscopy;
Merck), followed by washing in ddH,O for 5min and
subsequent dehydration in an ethanol series (gradually in-
creasing alcohol of 30%, 50%, 70%, 80%, 90%, and 100%
[twice], each step for 15 min.) before imaging with an SEM.
Here, an instrument of type Supra 40 (Zeiss) equipped with
a Schottky field emitter was used, being operated at 1- and
10-kV accelerating voltage and using a conventional scan-
ning electron (SE) and an additional SE-InLens detector.
For the same sample systems, an independent replica was
prepared and investigated by means of cyclic polariza-
tion. SEM imaging was performed after the removal of the
biofilm at a Zeiss SEM EvoMAL10 at 7 x 10> mbar operated
at the 10-kV accelerating voltage in SE mode. For this
purpose, the coupons were removed from the electro-
chemical cell, rinsed with deionized water, and cleaned in
ethanol (98%, Sigma-Aldrich) in an ultrasonic bath for
10 min to remove the biofilms.

Surface chemistry characterization by means of XANES
experiments has been performed at DELTA beamline 8.1*°!
A Si (111) double-crystal monochromator provided the
energy intensity needed for studying the stainless steel
compounds. Spectra were collected in the energy region of
Fe K-edge (7112.8¢eV), as well as Cr K-edge (5989.2¢eV)
within 60eV below to 220eV above the edge energies.
In the XANES region, the data were collected at a 0.3-eV
step size. Three consecutive gas-filled ionization chambers
were applied as detectors. The samples under investigation
(directly after preconditioning as well as after incubation
with bacterial cultures or control media) were placed be-
tween the first and the second chamber, and a reference foil
for exact energy calibration was placed between the second
and third chamber. The beam spot size was adjusted to
80-um height and 5-mm width. Steel coupons were pre-
pared and incubated in bacterial culture onsite for 1 day.
For sample alignment, a scan of the tilt angle 6 was
performed.[27] To reduce information from the bulk metal
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and to be more sensitive to the surface thin film, the spectra
of steel coupons were collected at grazing incidence with
angles below the critical angle of the total reflection of the
metal. The reference samples of different iron oxides and
hydroxides were provided at the beamline and were mea-
sured in the transmission mode.!** "]

The chromium is found in a deeper layer within the
passive film, buried beneath the outermost iron oxide
layers. Together with the growing biofilm, this results in
a strong parasitic absorption at energies around the Cr K-
edge. Therefore, the chromium spectra were not detected
in the reflection mode, but in the fluorescence mode. A
large area PIPS (passivated implanted planar silicon)
fluorescence detector was placed in close vicinity parallel
to the sample surface at 90° relative to the beam direc-
tion. The obtained spectra represent the ratio between
the fluorescence detector signal to the signal of the in-
cident photon beam from the first ionization chamber,
employing an integration time of 4 s/eV step.

The IFEFFIT program package ATHENA (Demeter
0.9.26"*'") was used for pre/postedge correction. Calibration
was set to 7112.8 eV of the maximum in the spectra’s first
derivative. By fitting the pre-edge and post-edge regions in
the range of —60 to —8 eV and +35 to +150 eV, respectively,
the relative K-shell contribution in the X-ray absorption
spectra was obtained. The edge jump was adjusted to one
for normalization. Each spectrum was collected three times

Pure + CN32 N

RB + CN32

FIGURE 1

consecutively to check the damage due to absorbed radia-
tion and to improve the signal-to-noise ratio. All data pre-
sented are averages of measurements on three independent
samples. As control measurements, steel coupons were also
incubated with the supernatant of double-filtrated bacterial
culture or dead-autoclaved bacterial culture. Two filters
with 1.2- and 0.2-um pore sizes, respectively, were used
consecutively for preparing the filtrates.

3 | RESULTS

3.1 | Biofilm formation

After 3 days of incubation under electrochemical monitor-
ing, the surface morphology of the biofilm-covered stainless
steel specimen was fixated and analyzed by means of SEM.
Biofilm growth was observed on all three sample systems, as
seen in Figure 1. The coverage on stainless steel surfaces
preconditioned in the presence of flavin molecules was
higher than the surfaces preconditioned without the addi-
tion of flavins. Moreover, the samples preconditioned with-
out flavins show a homogeneous coverage, whereas the
biofilms formed on surfaces preconditioned in the presence
of flavins are denser and patchier in terms of their structure.
The dark areas representing the biofilm-covered surfaces
show larger bacterial agglomerates with densely populated,

SEM micrographs of biofilm-covered stainless steel surfaces after fixation of the biomass; left and middle in InLens mode at

10kV, right SE mode at 1kV, 6-mm working distance. FMN, flavin mononucleotide; RB, riboflavin; SEM, scanning electron microscopy
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three-dimensional structures and areas with less adhered
cells. EIS was performed to investigate the biofilm growth
and the changes with respect to the electrical properties of
the passive film at the biofilm-stainless steel interface.

The heterogeneous structure of the biofilms, as in-
dicated by the SEM analysis, necessitates the utilization
of very complex equivalent circuits for the fitting of EIS
spectra. Moreover, multiple equivalent circuits with up to
three different constant phase element resistance couples
have to be used to represent different phases of biofilm
formation as well as oxide layer dissolution and growth.
This results in a large parameter set and thus a high
degree of freedom for the fitting process, which very of-
ten tends to converge in local minima with physically
unsound values for individual elements. Therefore, EIS
time traces are discussed qualitatively.

The contour maps presented in Figure 2 indicate that the
main differences between the three substrates are
observed within the first 12h of incubation. The low-
frequency impedance response provides information on the
diffusion resistance of the growing biofilm, together with the
charge transfer resistance due to initial changes in the pas-
sive film chemistry. The phase shift evolution is affected by
both the double-layer capacitance and the biofilm capaci-
tance in the low-frequency region. As seen in the contour
map presented in Figure 2a, the low-frequency impedance of
the sample preconditioned without the addition of flavins

(@  pure + CN32 (b)
24+~ = - 24 4 ;

£ | :
£ 124 124
64 ¢ 61
0,01 0,1 0,01 0,1
Frequency [Hz] Frequency [Hz]
(d) (e)
24 24
18 18
o)
g 12 12

I
0,01 0,1 1 10 0,01

Frequency [Hz]

0,1

FMN + CN32

1

Frequency [Hz]

responds with an initial lag period of 6h, followed by a
continuous increase until reaching a plateau phase after
12 h. The same behavior can be observed in Figure 2b for the
samples preconditioned in an FMN-containing electrolyte
solution. Both systems reach similar impedance values, ac-
counting for oxide growth with an increase in charge
transfer resistance and biofilm coverage. For the sample
preconditioned in an RB-containing electrolyte (Figure 2c),
on the contrary, the impedance values initially decrease till
4.5h, followed by a sharp increase during the next 2h of
incubation. The values leveled off after 9h of incubation
showing lower impedance values at the plateau level com-
pared to the other two sample systems.

In the phase plots of Figures 2d-f, the flavin-
preconditioned samples show at the beginning of
incubation (0 h) a region of lower (more negative) angles
in the frequency range of 0.1-1Hz, visualized as dark
green to blue range, which mainly contains the response
of the oxide layer. The thickening of the oxide layer due
to the preconditioning step in the presence of flavins was
previously reported.l'® In presence of the bacteria, the
pure steel samples show an oxide and biofilm growth
with an increase in double-layer capacitance within 24 h
of incubation after a phase of double-layer rearrange-
ment in the first 6 h. The FMN sample does not exhibit a
lag phase probably due to the high attractiveness of the
surface for the bacteria and immediate settlement and

3,5x10°
2,2x10°
1,4x10°
8,8x10*
5,5x10%
3,5x10%
2,2x10%
1,4x10*
8,8x10°
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3,5x10°

(c) RB + CN32

Frequency [Hz]

Phase angle [°]

0,1 1
Frequency [HZ]

FIGURE 2 EIS spectra collected during the first day of incubation experiments, contour map representation of the low-frequency
impedance (1 Hz to 10 MHz, a—c) and phase shift (10 Hz to 10 MHz, d-f). left to right: pure+CN32 (a,d); flavin mononucleotide (FMN)
+CN32 (b,e), and RB+CN32 (c,f). EIS, electrochemical impedance spectrometry; FMN, flavin mononucleotide; RB, riboflavin [Color figure

can be viewed at wileyonlinelibrary.com]
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oxide growth. After 24 h of incubation, the FMN sample
has the lowest values in the phase angle (highest negative
values—darkest blue range) over a wide frequency region
pointing toward a thickened oxide film and a homo-
genous biofilm coverage. However, the RB sample system
at low frequencies responds with a loss of capacitive
behavior at 6h due to a patchy, three-dimensional
biofilm growth with the presence of aeration channels/
pores.

SEM images after the EIS cycles are shown in
Figure 3. The RB sample did reveal an increased number
of sites where micropitting was visible.

3.2 | Differences in the passive film
chemistry

As presented in Part I, a detailed analysis of the surface
chemistry and semiconducting properties has been per-
formed by means of X-ray photoelectron spectroscopy
(XPS) measurements and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) depth profiling before the
incubation study to clarify the changes in the passive film
chemistry and its effect on the corrosion properties.
Briefly summarizing the results of Part L' pre-
conditioning in the presence of flavin molecules resulted
in preferential growth of iron oxide/hydroxide-rich outer
layers during passive film buildup.

Here in Part II, the focus of the investigations is on
XANES spectroscopy and X-ray reflectivity measure-
ments (pure, FMN, and RB, respectively) after incubation
with the bacterial culture of S. putrefaciens CN32.

For sample alignment before the collection of grazing
incidence XANES spectra, the angle between beam and
sample surface was varied and the rocking scan of the tilt
angle O resulted in an angle-dependent reflectivity curve.
In the literature, the reflectivity is used for the analysis of
the thickness and interfacial roughness of multilayered
thin-film samples.'**** The reflectivity signal is affected
by the density of the materials in a layered film build-
up.** Considering that the passive film on the stainless
steel surface is less than 6 nm in thickness,[35’37] it can be

expected that the measured reflectivity data will contain
information from both surface film and the underlying
metallic bulk material. Concerning this, the reflection
curve will be an envelope of a peak at lower angles re-
presenting the lower density species as oxides and hy-
droxides and a higher angle component from the metallic
species. In a recent study, we were able to demonstrate
that reflectivity data can be used to obtain a first ap-
proximation of the changes in the passive film.[)

The reflectivity data acquired on preconditioned sam-
ples before the incubation demonstrate the bilayer char-
acter of the passive film on the steel surface (Figure 4). At
the Fe pre-edge energy (6900 eV), as seen in Figure 4a, the
FMN and RB samples show a reflection peak and a critical
angle that are shifted to lower angles with a greater FWHM
(full width at half maximum), pointing to an increase in the
species with lower density, and therefore a higher oxide or
hydroxide content. The reflectivity peak measured at the
Cr-edge energy (5800 eV, Figure 4b) is significantly broader
than the one measured at the Fe edge, which can be ex-
plained by a broader distribution of chromium over the
whole depth of the surface layer. As in the case of the Fe-
edge reflectivity, both flavin systems have shown a similar
trend in reflectivity scans at the Cr edge. For samples pre-
conditioned without flavins, the reflectivity curve at
the energy just below the Cr edge has a slight increase of
the species at lower angles, which agrees very well with the
surface analysis results regarding the preferential growth of
an iron oxide/hydroxide-rich surface film and chromium
depletion in the outermost region for both flavin systems.

As seen in Figure 4c,d, the reflectivity curve develops
a defined second reflection peak at low 6-angles after
incubation with bacteria. As sterile control, samples
preconditioned without the addition of flavins (pure)
were incubated with filtrated as well as autoclaved bac-
terial culture. The control measurements do not exhibit
two separate features of the reflectivity peak. The evo-
lution of a second peak at lower O-angles can be
explained by the thickening of the oxide/hydroxide sur-
face film of lower density due to bacterial activity or the
dissolution of ions from the steel surface that get trapped
in the biofilm.

& |(C) RB +CN32

FIGURE 3 Pits found after incubation with bacteria with simultaneous EIS monitoring, SEM images in SE mode, EHT: 10kV. EHT,
electron high tension voltage; FMN, flavin mononucleotide; RB, riboflavin; SEM, scanning electron microscopy
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FIGURE 4 X-ray reflectivity scans on preconditioned surfaces before (a,b) and after incubation with bacteria (c,d), at energies just
below Fe-edge energy (a, c) and Cr-edge energy (b,d), respectively. FMN, flavin mononucleotide; RB, riboflavin

The peak positions and separation can give insights
into the thickness and the density of the surface oxides as
well as the interfacial layer roughness.°****! The ratio
between the low and high 6 peaks in the reflection scan
was calculated as 2.2 for pure+CN32, 1.7 for FMN
+CN32, and 1.2 for RB+CN32, indicating that the growth
of the lower density layer was in the following order:
pure > FMN >> RB.

The XANES spectra are presented in Figure 5. As
seen in Figure 5d, the preconditioning in the presence of
FMN results in an increase of the iron oxides, especially
Fe>* species. Samples preconditioned in the presence of
RB retain their oxide structure and show only a slight
metallization.

After incubation, the metallic shoulder of the FMN
sample is decreased and the oxide peak is increased in
the energy range of Fe** oxides and hydroxides. A loss of
iron (IT) species can be observed. Incubation of the pure
samples with bacteria led to a decrease in the metallic
shoulder as well as an increase in the white line and a

shift to higher energies. In contrast with the FMN sam-
ple, the Fe** signal was not lost completely with the pure
sample. Overall, the changes are less pronounced for the
pure sample, compared with the FMN sample. For the
RB sample, on the contrary, the metallic shoulder, as
well as the signal in the region of Fe** species, is slightly
increased as compared with its preconditioning reference
sample. This behavior is in contrast with both other
sample systems.

The XANES spectra point out clear differences in the
spectral contributions of the near-edge features. This can
be observed in detail in the difference spectrum shown in
Figure 5f. Due to the overwhelming signals from metallic
bulk, the pre-edge region accounting for differences in
oxide state is hidden. Only from the difference spectra,
one can distinguish a negative change in the pre-peak
intensity for FMN+CN32 samples, highlighting the loss
of Fe** species. Moreover, the position of the absorption
edge and the increased onset at around 7120 eV (inflec-
tion point), as well as the white line position (Figure 5g),
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FIGURE 5 XANES spectra (average of three independent samples) on preconditioned steel substrates before and after incubation

(1 day) in a bacterial culture at the Fe K-edge (a—c), (d) all samples after incubation in one graph, together with filtrate control measurement,
(e) at the Cr K-edge energy; (f) difference XANES spectra at the Fe K-edge: Deviation from the control sample as curves and (g) shift of the
white line position highlighted in the table. FMN, flavin mononucleotide; RB, riboflavin; XANES, X-ray absorption near-edge structure

[Color figure can be viewed at wileyonlinelibrary.com]

are shifted to higher energies for the FMN+CN32 sample
due to higher amounts of Fe** species. The difference
spectra additionally reveal the significant increase of
the oxide structure for the FMN+CN32 sample due to the
sharp slope and the two intersects with the lines of the
other systems. The RB+CN32 system, on the contrary,
shows the lowest difference to the filtrate sample that
was acting as a control.

The chromium K-edge spectra, presented in
Figure 5e, indicates an increase of the metallic signal for
the RB system as compared with the other substrates.
The FMN+CN32 system shows some characteristics
pointing to Cr,0; and CrO, formation.**!

3.3 | Corrosion properties

At the end of the 3-day incubation with EIS monitoring,
cyclic polarization tests have been conducted and re-
presentative data of the resulting current density/poten-
tial curves are presented in Figure 6. To assure
comparability, all measurements were performed in
parallel with sterile control experiments. For the RB and
FMN system incubated with bacteria, the repetitions of
the corrosion potentials were very consistent with a de-
viation of less than 50 mV and negative hysteresis in the
cathodic sweep. The pure system, on the contrary,
showed significant differences in the pitting behavior
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from measurement to measurement due to the lower and
thinner biofilm coverage.

The first clear effect of the incubation with bacterial
activity can be observed as a cathodic shift of OCP in the
cyclic polarization results as compared with the control
systems. This points to a corrosion inhibition effect as in
an increased passive region (Epi— Ecor in Table 2).
All samples incubated in the sterile control medium have
shown a similar pitting behavior with pitting potentials
between 0.56 and 0.87 mV (vs. sat. Ag/AgCl). The pure
sample, after incubation with bacteria, did show pitting
as well as a repassivation ability. The preconditioning in
flavin-containing electrolytes resulted in a significant
suppression of pitting after 3-day incubation in compar-
ison to the samples preconditioned without flavins.
Corrosion current (i.,,) values for samples incubated in
CN32 cultures calculated by fitting the Tafel region of the
forward anodic sweep were 0.2uA/cm” for the pure
system, 1.1 pA/cm? for the FMN sample, and 0.3 pA/cm?,
for the RB substrate. As listed in Table 2, a reduction of
pit nucleation and prolonging of the passive region were
also observed on substrates prepared in the presence of
flavine molecules in abiotic corrosion experiments. This
finding is supported by SEM images taken after the
corrosion experiments. The control samples depicted in
Figure 7 showed pit formation (see Part I''®! for a more
detailed discussion). After incubation with bacterial
culture, the pit form and size were different, as can
be seen in Figure 8. The flavin-preconditioned samples

Materials and Corrosion

after biofilm formation only showed a few small corro-
sion defects that appear only on the surface.

4 | DISCUSSION

The preconditioning of steel coupons in the absence or
presence of flavin derivatives led to a preferential at-
tachment and biofilm formation of S. putrefaciens CN32
on surfaces with an increased oxide thickness. The in-
crease of species with a lower density in FMN and RB
samples reported by a previous study''® is supported by
reflectivity data in this study. The increase of iron oxides/
hydroxides due to the preconditioning step was accom-
panied by a lower donor density reported by
Mott-Schottky analysis, previously.!'®! This might have
led to a higher dielectric constant that could be re-
sponsible for the easier biogenic iron reduction process to
take place.*”! The utilization of iron as an electron ac-
ceptor is directly related to the electrical conductivity of
the material. As the conductivity decreases with the in-
crease in the film thickness as a result of defect annihi-
lation, the flavine samples were prone to bacterial iron
reduction. The incorporation or adsorption of FMN in/on
the passive films, detected by means of ToF-SIMS
analysis,"'®! leads to a higher n-type character of the
oxide layer before incubation. This redox-active molecule
increases the electron transfer process and promotes the
self-healing characteristic of the surface oxides.

e DUFE-CONEFOl
1024 - - - - FMN-control
-——-RB-control

107"
1024
1034
10+
10°

Current density [uA/cm?]
=)

1,0 0,5 0.0 05

e UFE FCN32
1034 ---- FMN +CN32
----RB +CN32

Current density [uA/cm?]

FIGURE 6 Representative cyclic
polarization curves after 3 days of incubation
with bacteria or sterile minimal growth medium

as control measurements. FMN, flavin

1,0 05 0,0 0,5
Potential [V vs. sat. Ag/AgClI]

1,0 mononucleotide; RB, riboflavin [Color figure
can be viewed at wileyonlinelibrary.com]
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TABLE 2 Characteristics from cyclic polarization curves of stainless steel coupons after 3 days of incubation in either sterile ShMM

(control) or in a bacterial culture

Pure+CN32 FMN+CN32
Ecorr (V vs. Ag/AgCl) -0.5 —0.70
Epie (V vs. Ag/AgCl) +0.62 -
Epic—Ecorr (V) 1.12 >1.5

RB+CN32 Pure control FMN control RB control
—0.64 —0.25 —-0.22 —-0.2

= +0.59 +0.75 +0.87

>1.5 0.84 0.97 1.07

Abbreviations: FMN, flavin mononucleotide; RB, riboflavin; ShMM, Shewanella minimal medium

]
pure sterile

¢ RB sterile

FIGURE 7 Pit formation on stainless steel substrates preconditioned in the presence and absence of biomolecules after 3 days of
incubation in a bacterial culture after cyclic polarization experiments, EHT: 10 kV. (EHT, electron high tension voltage; FMN, flavin

mononucleotide; RB, riboflavin

The reflection signals derived from grazing incidence
X-rays are dependent on the refractive index of the ma-
terial in the beam path. The peak position and separation
in the reflectivity scans display that the RB system
presents the thinnest oxide layer and the FMN sample
presents the thickest after incubation with the bacterial
culture. The RB sample, comparing the peak ratios in the

0 scans of the iron and chromium energies, exhibits an
increase of chromium distributed in the oxide layer.
When considering that the chromium in the sample is
buried under an iron oxide layer at the beginning of in-
cubation experiments, the increase of chromium signal
in the uppermost layers agrees well with the observation
of Yuan and Pehkonen!*”! concerning biofilms of

FIGURE 8 Pit formation on stainless steel substrates preconditioned in the presence and absence of biomolecules after 3 days of
incubation in a bacterial culture after cyclic polarization experiments, EHT: 10 kV. EHT, electron high tension voltage; FMN, flavin
mononucleotide; RB, riboflavin [Color figure can be viewed at wileyonlinelibrary.com]
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Pseudomonas culture on AISI 304. Chromium is thought
to accumulate in areas of iron depletion after the oc-
currence of localized corrosion as a result of extensive
micro-pitting beneath the heterogeneous biofilm.!****
This phenomenon is visible in the SEM images presented
in Figure 3. After incubation of prepared steel coupons in
bacterial solution, samples of RB preconditioning also
reveal micropitting phenomena inside the areas of the
destroyed surface layer. The cyclic polarization experi-
ments reveal that the flavin-preconditioned samples in-
cubated in a sterile medium have already exhibited an
inhibition effect emphasized by the delayed onset of
pitting at higher anodic potentials. These results also
indicate a higher general corrosion rate for the FMN
samples, supporting the formation of the porous and less
conductive oxide films at the biofilm-metal interface.
Additionally, the absence of pitting events in cyclic
polarization diagrams after bacterial cultivation on the
samples preconditioned in the presence of flavins can be
explained by the fact that a thicker biofilm can act as a
diffusion barrier. As presented in the study of Taillefert
et al,*! the iron-reducing bacteria utilize amorphous
Fe(III) faster than crystalline iron oxides. This means that
the preconditioning step leading to a thicker and highly
porous oxide/hydroxide structure for the RB sample!'®
could have established optimum conditions for bacterial
settlement and accelerated electrochemical activity with
iron oxide depletion and micropitting events. For the RB
system, incorporation or adsorption of the molecule on the
stainless surface could not be detected by means of XPS,
ToF-SIMS, or Fourier-transform infrared spectroscopy (data
not shown). Therefore, it could be concluded that the
changes in bacterial activity occur due to altered oxide
chemistry. The Fe** shoulder in XANES data, especially in
the RB sample, suggests that the Fe**-rich oxide film is
stable during the incubation, which can act as a barrier and
limit the iron(1II) oxide reduction.”**! As reported by Roden
and Urrutia,*! the convective transport of Fe(II) could
significantly influence the detection of microbial Fe(III)
reduction. In contrast to the RB samples, adsorption or
incorporation of FMN in the topmost layers was detected
via the increased CN™ signal in the ToF-SIMS spectra.'®!
The formation of such a monolayer of complexed phos-
phonogroups with the metal substrate might have led to the
increased inhibition effect due to the M-O-P bonds, lim-
iting the active surface area for bacterial attachment or
electrochemical interaction.**! The presence of FMN on
the steel's surface after sample preparation could enable a
direct pathway of electron shuttling between the surface
and biofilm. These findings are consistent with the work of
You et al.!*°! which revealed that not only the EET (ex-
tracellular electron transport) is accelerated but also biofilm
thickness is enhanced in the presence of exogenic flavins.

Similar to the work of Liu et al.,'*”! a low biofilm coverage

can increase MIC rates, and the lowest biofilm formation
on the pure substrate caused the initiation of pitting
corrosion during cyclic polarization experiments.

Overall, the results indicate that S. putrefaciens biofilms
on AISI 304 stainless steel surfaces have a protective effect
against pitting corrosion. This effect is enhanced when
surfaces have been exposed to flavins, which were simu-
lated in this study by a short-duration/low-magnitude
anodic polarization in respective electrolytes.

5 | CONCLUSIONS

The effect of exposure to flavin-containing electrolytes on
the biofilm formation of the iron-reducing microorganism
S. putrefaciens and the resulting corrosion properties and
microbial activity was investigated by means of XANES
analysis and microscopic and electrochemical methods.
Preconditioning in flavin-containing electrolytes promoted
the biofilm formation. The analysis of X-ray reflectivity
curves was used for an initial estimation of the changes in
surface and interface chemistry. Interpreting the surface
analysis presented in Part 11" together with XANES data
collected on both the Cr and the Fe K-edges on samples
after incubation experiments, it can be concluded that the
enrichment of passive films in iron species during pre-
conditioning in the presence of flavins resulted in an in-
hibition of pitting processes due to bacterial activity.
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