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A B S T R A C T

The effect of the presence of Fe(III) during the cultivation on the electrochemical activity and corrosion beha-
viour of dissimilatory iron reducing bacteria Shewanella putrefaciens was studied by means of ex situ and in situ
X-ray absorption near-edge spectroscopy (XANES). Stainless steel AISI 304 and thin iron films were studied as
substrates. XANES analysis indicated an accelerated iron dissolution and growth of an oxide/hydroxide film for
the culture grown with Fe(III) in comparison to the culture grown in absence of Fe(III). Electrochemical analysis
indicated that the biofilm resulted in acceleration of the general corrosion but provides protection against local
corrosion.

1. Introduction

Austenitic stainless steels are used in a wide range of applications
due to their mechanical properties and corrosion resistance. Under at-
mospheric conditions, a 1−3 nm thin protective passive film is formed
on the surface of stainless steels, mainly composed of iron and chro-
mium oxides and hydroxides [1,2]. The chemical composition, struc-
ture and electrochemical properties of the passive film determine the
corrosion resistance of stainless steels. In solutions of neutral pH the
passive films are reported to form a bilayer with an n-type iron oxide/
hydroxide-rich outer layer and a p-type chromium oxide/hydroxide-
rich inner layer [3–5]. Even though stainless steels are characterized by
a high corrosion resistance, microbial activity can still alter the struc-
ture and chemistry of the passive film and spatial heterogeneity of the
biofilm can promote microbiologically influenced corrosion (MIC)
[6–8].

Shewanella species are dissimilatory metal reducing bacteria, which
can utilize Fe(III), Mn(IV), Cr(VI) and other inorganic/organic com-
pounds as electron acceptors [9–12]. In the literature, there is no
consensus on the role of iron reducing bacteria on the microbiologically
influenced corrosion (MIC) of iron and steels [13,14]. On one hand, Fe
(III) respiration may lead to the reductive dissolution of the Fe(III) oxy-
hydroxide protective layer, enhancing and accelerating the

deterioration of the steel [14,15]. On the other hand, recent studies
have demonstrated that, under some conditions, iron reducing bacteria
can inhibit corrosion processes on steels due to the oxygen scavenging
effect of the ferrous ions formed via the reductive dissolution of Fe(III)
oxy-hydroxide rich passive films [8,14,16]. Another aspect determining
the role of microorganisms in corrosion is the heterogeneity of the
biofilm. It is widely accepted that the patchy nature of biofilms can lead
to the establishment of local cathodic and anodic regions on the steel
surface, which facilitates corrosion processes [16].

In a recent study Miller et al. demonstrated that Shewanella onei-
densis MR-1 has a protective effect on carbon steel when the biofilm is
directly in contact with the metal surface, which is explained with the
oxygen dissipating effect of the biofilm by a combination of metabolic
consumption and by reaction with biogenic ferrous ions. However, if a
second biofilm-free surface is brought to electrical contact with the
surface containing the biofilm by means of a zero resistance ammeter
(ZRA), the corrosion of the uncovered surface was enhanced by at least
a factor of two [8]. These findings have a significant contribution on the
understanding of MIC in technical systems, where the biofilm coverage
is heterogeneous.

Surface sensitive spectroscopic methods such as X-Ray photoelec-
tron spectroscopy (XPS) applicable for the chemical analysis of the
corrosion products formed at a biofilm - metal interfaces require ultra-
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high vacuum conditions and the removal of the biofilm. Procedures for
removal of the organic films and excessive sample drying under vacuum
can also be destructive for the interfacial corrosion products and can
cause changes in the chemistry of the corrosion products due to re-
oxidation processes [1,17]. To avoid biofilm removal and to minimize
the time from coupon extraction out of the incubation until surface
analysis, in this study, X-ray absorption near-edge spectroscopy
(XANES) was used as the main method for the characterization of the
corrosion products.

The application of in situ electrochemical X-Ray Absorption Near-
Edge Spectroscopy (XANES) to iron [18–21] and iron/chromium alloys
[19] was previously reported as a successful tool for the analysis of
passive film chemistry. Schmuki et al. [18] reported a conversion of Fe
(III) containing passive films to a porous layer of mainly Fe(II) oxide/
hydroxides during reduction processes in alkaline solutions. Further-
more, Davenport and Sansone have reported that anodic polarization of
iron at +0.4 V vs. MSE in a pH 8.4 borate buffer solution yields a
passive film chemistry composed of a mixture of Fe2O3/Fe3O4. Virtanen
et al. studied electrochemically induced changes on model iron oxide
thin films in acidic solutions [22] and observed a strong increase of the
iron oxide film dissolution and an oxide film dominated by Fe(II) spe-
cies. According to Kerkar et al. [19] the passive film on iron can be
described as a disordered lepidocrocite (γ-FeOOH) and for FeCr alloy
samples or iron samples passivated in chromate containing solutions,
chromium is incorporated into the passive layer as a Cr(OH)3-like
phase. In a recent study, Wurzler et al. reported an in situ electro-
chemical XANES investigation of the changes in oxide chemistry on thin
iron films in the presence of electrochemically active metal reducing
bacteria cultivated with and without the addition of Fe(III) in the cul-
tivation medium [21]. The reported data indicated that cultures pre-
exposed to Fe(III) during cultivation have an acceleration of iron dis-
solution and formation of oxide films containing high amounts of Fe2+

species. Monnier et al. analysed the reduction and reoxidation processes
of corrosion products formed on iron by means of transmission mode
XANES. Their findings indicate that magnetite (Fe3O4) and iron (II)
hydroxides are formed by the reduction of lepidocrocite and ferrihy-
drite [17].

Even though the application of XANES to the analysis of corrosion
products on various metals [19,22–24] and polymer/metal interfaces
[25,26] is well established, it is not widely established for the analysis
of MIC related processes. Especially when applied in grazing-incidence
geometry, XANES is a powerful tool for gathering information on the
changes occurring at environmental interfaces. The application of
grazing angle X-ray spectroscopy to environmental interfaces was re-
viewed by Trainor et al. with the presentation of a model formalism for
quantitative analysis of fluorescent yield profiles [27].

The biofilm growth cycle encompasses different stages starting with
the initial physical attraction of planktonic bacteria to a substrate,
ending with the eventual liberation of cell clusters from the fully grown
biofilm matrix due to different reasons such as nutrient limitation [28].
According to our hypothesis, bacteria released from the biofilm on an
actively corroding site shall be exposed to a different chemical en-
vironment than planktonic bacteria. In this work, as the main para-
meter, the abundance of ferric ions in the cultivation media of model
microorganism Shewanella putrefaciens was investigated in terms of its
effect on the microbiologically influenced corrosion of AISI 304 grade
stainless steel and model iron films. The surface analysis was com-
plemented by electrochemical and microscopic studies to characterize
the differences in corrosion behaviour.

2. Experimental

2.1. Substrate preparation

Austenitic stainless steel sheets of type AISI 304 (1.4301) were cut
into coupons (15mm x 15mm) and ground with silicon carbide

abrasive paper up to 600 grit (P1200). The surface was rinsed and
cleaned with acetone in an ultrasonic bath for ten minutes. For all ex-
periments, steel coupons were pre-conditioned potentiostatically for
one hour at +50mV vs. open circuit potential (OCP) in a 20mM
NaClO4 electrolyte to assure reproducibility of the surface chemistry.
For the investigations on model iron surfaces, 80 nm thick iron films
have been deposited via electron-beam evaporation deposition (10−8

mbar, 15W, CreaTec, Erligheim, Germany) on Kapton© (polyimide)
foils [21].

2.2. Cultivation of microorganisms

Shewanella putrefaciens CN32 (ATCC-BAA-1097, LGC Standards
GmbH, Wesel, Germany) was batch cultivated in Erlenmeyer flasks at
28 °C in a minimal medium with composition as listed in Table 1
(Shewanella Minimal Medium (ShMM), adapted from M9 minimal
medium, Miller et al., 1972 [29]). To investigate the effect of pre-ex-
posure to Fe(III) during cultivation, two cultures were grown in ShMM
with (referred to as FeCi in the text) and without (referred to as CN32 in
the text) the addition of Fe(III)-citrate. For the FeCi culture a mixture of
2-fold concentrated ShMM was mixed 50:50 vol% with 16 g/l Fe(III)
citrate (Sigma Aldrich, technical grade, adjusted to pH 7) solution.
Cultures were grown overnight and washed three times at 1510 rcf for
4min and re-suspended in sterile ShMM after centrifugation to prepare
the incubation media with a final OD600 of 0.1 [21]. Additionally,
control experiments were performed by extracting the supernatant via
filtration of the cultures without any further dilution. Those are referred
to as CN32-filtrate and FeCi-filtrate in the following sections.

2.3. XANES measurements

Ex situ X-ray absorption near edge spectroscopy (XANES) analysis of
the corrosion products on stainless steel samples was performed at
DELTA Beamline 8 [30]. Steel coupons were pre-conditioned and in-
cubated in bacterial culture for one day on site. To study the surface
oxide chemistry before and after incubation with bacteria, the steel
coupons were measured in grazing incidence with angles below the
critical angle of total reflection of the metal. Spectra were collected in
the energy region of the Fe K-edge (7112.4 eV) as well as the Cr K-edge
(5989.2 eV). The intensity of the monochromatic X-ray beam delivered
by a double-crystal Si(111) monochromator was measured by three
consecutive ionization chambers. The samples were mounted between
the first and second ionization chambers. For exact energy calibration, a
reference stainless steel foil was placed between the second and third
chamber and measured simultaneously. The ionization chamber prior
to the sample was filled with a mixture of nitrogen and helium, the
chambers behind the sample and a stainless steel foil reference were
filled with argon-helium mixtures adjusted to obtain an optimum ab-
sorption for each detector. The absorption spectra were collected within
the range of 250 eV below to 900 eV above the K-edges with a step size
of 0.3 eV in the XANES region. As references, high purity samples of
relevant iron and chromium compounds were measured in transmission
mode. The reference samples were provided at the beamline [31,32].

Table 1
Composition of Shewanella Minimal Medium
(ShMM), adapted from M9 minimal medium, Miller
et al., 1972 [29]).

NH4Cl 15.0 mM
Na2SO4 7.0 mM
MgSO4 0.4 mM
CaCl2 0.4 mM
Na glutamate 1.5 mM
KH2PO4 4.25 mM
Na2HPO4 4.25 mM
Na lactate 8.96 g L−1
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The beam spot size was adjusted to 300 μm height and 1mm width. The
samples were aligned in parallel with the beam and a rocking-scan of
the tilt angle θ was performed on each sample to define the angle of
grazing incidence at the exact energy for the investigated edge position.
Model iron films of 80 nm thickness were investigated in an in situ cell
(details described elsewhere [21]) using backscattered fluorescence
detection by placing a large area PIPS (passivated implanted planar
silicon) detector in immediate distance to the iron coated Kapton©
window. For the measurements with model iron films, XANES spectra
were collected at the start and end of the incubation experiments,
without exchanging or removing the incubation media or the biofilm.

Analysis of XANES spectra was performed with the IFEFFIT program
package ATHENA (Version Demeter 0.9.26, [33]). The energy-edge
normalization was set to 7112.8 eV from the first inflection point. The
relative K-shell contribution in the X-ray absorption spectra was cal-
culated by fitting the pre-edge and post-edge regions in the range of -60
to -8 eV and +35 to +150 eV, respectively and adjusting the edge-jump
to 1. Since the edge height is directly proportional to the amount of
detected metal content, for the determination of Fe/Cr edge height
ratios, non-normalized edge heights were used [34].

2.4. Electrochemical analysis and corrosion properties

All electrochemical experiments were performed in closed electro-
chemical cells in a three-electrode configuration. A gold wire and an
Ag/AgCl/3M NaCl electrode (C3 Prozessanalytik, Germany) were used
as counter and reference electrodes, respectively. Electrochemical
Impedance Spectroscopy (EIS) was used to monitor the biofilm growth
for a duration of three days, the measurements were performed in the
incubation medium. For the analysis of corrosion properties dynamic
polarization experiments were performed after exchanging the in-
cubation medium either with fresh minimal medium or with sea salts
solution (Total Cl-content: 0.5 ± 0.06M Sigma Aldrich, Germany).
Cyclic polarization tests were performed with 1mV/s scan rate in a
potential range of -0.5 to +1.0 V vs. OCP with the current cut-off was
set to 25 μA/cm². After the corrosion experiments, the samples were
analysed by means of scanning electron microscopy with an Evo MA10
microscope (Zeiss, Germany) equipped with a SE detector operated at
7× 10−5 mbar. After incubation experiments, the coupons were taken
out of the electrochemical cell, rinsed with deionized water and cleaned
in ethanol (Sigma Aldrich, 98 %) for 10min to remove the biofilms for
SEM analysis.

3. Results and discussion

3.1. Analysis of corrosion products and interface chemistry

Synchrotron based surface chemistry analysis was applied to in-
vestigate the changes in the passive film chemistry on stainless steel
surfaces. The advantage of XANES is that the substrates covered with
biofilms can be directly investigated after the incubation without the
necessity of biofilm removal. The samples were incubated at the la-
boratory facilities of the DELTA Synchrotron Facility and were directly
transferred to the sample stage within five minutes after removal from
the culture/test media to minimize drying effects.

The first indices of changes in the surface chemistry and the effect of
the presence of Fe3+ in the growth medium were observed in the
rocking curve resulting in an angle dependent reflectivity curve (Fig. 1).
In general, the analysis of the reflectivity data is an established method
for the determination of thickness and interfacial roughness of layered
thin film systems [35,36]. The reflectivity signal carries information on
the density of the materials present in a layered film structure [37].
Considering the very thin passive film on the stainless steel surface, it is
expected to acquire signals from both surface oxides/hydroxides and
the underlying metallic bulk during a reflectivity scan, as well as dis-
solved iron diffused into the growing biofilm.

As seen in Fig. 1 a) and b), the fresh substrates before incubation
present broad reflectivity peaks centred at 0.22° and 0.25°, for Fe and Cr
pre-edge, respectively. During incubation with sterile or culture media
the reflectivity peaks developed a shoulder at low θ-angles. This can be
explained with the growth of corrosion products at the stainless steel’s
surface leading to a thickening of oxidic/hydroxidic surface film of
lower density. With an attempt to use the information gained with the
reflectivity data, Gaussian peak fitting was performed and the results
are presented in Table 2 and Table 3, for the Fe and Cr pre-edge, re-
spectively. It is clear, that usually a dedicated fit of the reflectivity data
employing e.g. the Fresnel theory and the Parratt-algorithm for multi-
layered sample systems [38] is required, and our simplified approach
does not take into account the surface and interface roughness and layer
thicknesses. It is simply meant to discuss the observed double peak
appearance in the reflectivity curves qualitatively, and the focus of the
present work is more on the speciation of the involved Fe and Cr oxy-
hydroxide compounds.

The main result of the reflectivity analysis is that the ratio between
the peak heights of the low θ and high θ peaks (hPeak2 / hPeak1) increases
significantly for the samples incubated in the FeCi culture indicating
that a much thicker oxidic/hydroxidic surface film was formed at the
biofilm-steel interface when compared to the samples incubated in the
regular CN32 culture. The fitting results also indicate that the low θ
peak assigned to the oxide/hydroxide film is shifted to lower angles
with increasing hPeak2 / hPeak1 ratio, more pronounced with the samples
incubated in the FeCi culture, which can be explained with the for-
mation of lower density surface films, or a substantially increased
roughness under these conditions. A change in the peak ratios was also
observed with samples incubated in the regular CN32 culture as well as
with the filtrates, however the extent of the transformation was much
less pronounced. Interestingly, for all samples the Fe pre-edge re-
flectivity showed a higher increase in the peak ratios when compared
with the Cr pre-edge reflectivity data, considering the lower energy at
the Cr pre-edge, this might indicate a higher affinity of the iron grown
bacteria to utilize iron and transform it into a lower density interfacial
layer with higher surface roughness.

Grazing incidence XANES measurements were performed to in-
vestigate the chemistry of the surface films. To achieve a high surface
sensitivity, the measurement angle was determined by computing the
first derivative of the reflectivity signal and setting the measurement
angle to approximately +0.01° with respect to the extremum in the first
derivative, i.e. in the region of the critical angle of total reflection. The
normalized XANES spectra of the samples collected at the Fe and Cr
edge are presented in Fig. 2 a and b, respectively.

As a first observation, for the given angle, the signals at the Cr K-
edge were much lower than at the Fe K-edge, resulting in higher noise
in the data. As this effect was more pronounced with the incubated
samples, it could indicate that, especially with the increasing oxide/
hydroxide layer thickness and biofilm growth, Cr-containing species are
located in deeper regions of the surface film. Interestingly, as seen in
Fig. 2 b, in the XANES spectra of the as prepared sample before in-
cubation a small but representative Cr(VI) signal was clearly visible as a
pre-peak before the metallic edge at about 5987 eV, which disappeared
after contact with the aqueous media during incubation. When com-
paring Fig. 2 a and b, it can be clearly seen that the majority of the
changes of the oxide chemistry and growth involved iron species.

As seen in Figs. 2 a and 3 a, the samples incubated in CN32 and FeCi
cultures have shown a decrease of the edge height of the metallic iron
signal at 7112.4 eV, indicating the formation of an oxide film. This ef-
fect was more pronounced with the samples incubated in the FeCi
culture, as already predicted from the reflectivity analysis. An isosbestic
point was observed at 7128.3 eV with both incubated samples, in-
dicating the change in the oxide chemistry with the transition between
two phases only. For the CN32 culture, a slight increase of the oxidic
white-line at about 7127 eV was evident, which can be attributed to the
formation of Fe(III) oxides by the comparison with the reference spectra
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(Fig. 3a). For the samples incubated in the FeCi culture, the growth of
the oxide/hydroxide film was clearly more pronounced, which also
supports the large increase of the oxidic/metallic peak ratios obtained

via the analysis of the reflectivity data. Since the peak positions and
white lines of ferric oxides and hydroxides are very similar, a distinct
identification was not possible. Nevertheless, the ex situ XANES ana-
lysis revealed the presence of an Fe(III) rich surface film.

Considering that the selected microorganism Shewanella putrefaciens
are dissimilatory iron reducing bacteria, the presence of a ferric oxide/
hydroxide rich surface film was an unexpected result. Even though the
ferrous iron species could have been converted to ferric oxides at the
biofilm-metal interface during incubation, it is more likely that re-oxi-
dation takes place during the exposure to the atmosphere. Even with
special care taken to minimize the time between the sample preparation
and the X-ray measurements in our studies, the sample alignment, angle
adjustment via reflectivity analysis and the XANES scan are completed
within approximately one hour. To enable XANES measurements
during incubation, an in situ measurement cell was constructed [21].
The in situ cell allows the collection of back-scattered florescence signal
from thin iron film (80 nm) coated Kapton© windows without sample
drying in air [21]. Model iron films were incubated with CN32 and FeCi
cultures for 15 h, and at the start and the end of the experiments XANES
spectra were collected via backscattered fluorescence detection for
comparison to ex situ XANES results. As seen in the spectra presented in
Fig. 3 b, the thin iron sample incubated in the FeCi culture developed a
very strong white-line corresponding to FeO together with the nearly
complete reduction of the metallic iron signal after 15 h of incubation.
As reported previously [21], the sample incubated in the CN32 culture
did not present any significant change in terms of surface chemistry. A
small contribution of ferric oxides and hydroxides was also visible in
the XANES spectra of the FeCi culture as evidenced by the presence of a
shoulder peak at 7131.5 eV. With the model samples, the Fe(II) domi-
nated signal resulted in a shift of the isosbestic point to 7121.2 eV.

The in situ XANES results clearly demonstrate that at the biofilm-
metal interface, iron reducing bacteria cultivated in abundance of Fe

Fig. 1. Ex situ X-Ray reflectivity scans on substrates before and after incubation in culture and sterile media a) Fe pre-edge (6900 eV) and b) Cr pre-edge (5800 eV).

Table 2
Peak fitting results of the reflectivity data at Fe pre-edge (6900 eV).

Fe pre-edge Peak # Center [°] FWHM Height (h) hPeak1 /
hPeak2

Before incubation 1 0.27 0.17 0.59 1.2
2 0.16 0.18 0.72

1 d incubation in sterile
CN32 filtrate

1 0.27 0.16 0.49 1.9
2 0.13 0.17 0.93

1 d incubation in sterile
FeCi filtrate

1 0.29 0.14 0.44 2.3
2 0.13 0.18 1

1 d incubation CN32
culture

1 0.3 0.2 0.32 3.1
2 0.12 0.14 0.98

1 d incubation in FeCi
culture

1 0.33 0.08 0.05 20.0
2 0.10 0.14 1

Table 3
Peak fitting results of the reflectivity data at Cr pre-edge (5800 eV).

Cr pre-edge Peak # Center [°] FWHM Height (h) hPeak2 /
hPeak1

Before incubation 1 0.35 0.22 0.65 1.2
2 0.17 0.28 0.81

1 d incubation in sterile
CN32 filtrate

1 0.35 0.21 0.62 1.5
2 0.15 0.21 0.94

1 d incubation in sterile
FeCi filtrate

1 0.36 0.19 0.61 1.6
2 0.15 0.30 0.99

1 d incubation CN32
culture

1 0.37 0.25 0.47 2.1
2 0.14 0.16 0.98

1 d incubation in FeCi
culture

1 0.40 0.14 0.09 11.1
2 0.10 0.18 1.0

Fig. 2. Grazing incidence XANES spectra of the samples before incubation and after incubation in CN32, FeCi and sterile FeCi filtrate medium at the a) Fe K-edge, b)
Cr K-edge.
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(III) ions have resulted in the formation of a surface film dominated by
FeO species. Even though the corrosion processes of stainless steels
differ significantly from pure iron, in our opinion, it is unlikely that
ferric oxides would dominate the chemistry of the surface film at the
biofilm-stainless steel interface under these conditions. Therefore, we
believe that the results underline, how crucial in situ techniques are for
the investigation of dynamic buried interfaces under biofilms. To re-
solve this controversy, experiments with model Fe/Cr alloy films will be
performed during the next beamtime. Nevertheless, the increase of the
oxidic white-line and decrease of the metallic shoulder on pure iron in
the in situ XANES results agree very well with the reflectivity data
obtained on stainless steels, demonstrating that reflectivity analysis can
be used as a straightforward tool to gain insights to the oxide and
biofilm growth at the biofilm-metal interface.

3.2. Electrochemical corrosion analysis

Electrochemical impedance spectroscopy (EIS) was used to monitor
the biofilm growth and the changes in the electrochemical properties of
the passive film. As seen in the impedance spectra (Figure SI1) the
majority of the changes were observed within the first day of incuba-
tion. Due to the spatial heterogeneity during early stages of biofilm
formation, equivalent circuits with complex elements and a large
parameter set are usually necessary to achieve an accurate description
of the biofilm-metal interface. This results in a high degree of freedom
in the equivalent circuit fitting process and thus the fit results tend to
converge very often in local minima leading to irrational numbers for
especially constant phase elements (CPEs). Therefore, the authors have
opted for a qualitative analysis of impedance spectra based on the
XANES analysis of the surface chemistry. The evolution of the low
frequency impedance and phase shift for CN32 and FeCi samples are
presented in Fig. 4.

For the CN32 culture grown in regular minimal medium without the
addition of iron citrate, the low frequency impedance data is char-
acterized by an initial decrease of impedance within the first five hours
of incubation followed by a continuous increase. With the FeCi culture
grown in the presence of Fe3+ ions a contrasting behaviour was ob-
served, the low-frequency impedance of the system increased within the
first ten hours, followed by a rapid decrease until the 15th hour of in-
cubation. After a stagnation until the 40th hour, the impedance values
started to continuously increase till the end of the experiment. The
trends can be easily followed via the contour lines of respective spectra
in Fig. 4 a and b. The same behaviour was also observed in the phase
plots presented in Fig. 4 c and d. Between the seventh and tenth hour of
incubation a phase maximum of -65° was observed with the CN32
culture, followed by a continuous decrease of the phase shift to ap-
proximately -82° during the rest of the incubation. With the FeCi cul-
ture, the phase map indicated two maxima, correlating well with the
occurrence of the early and late phase impedance rises. The low

frequency impedance behaviour contains information on both the for-
mation of the biofilm and the changes in the oxide chemistry on the
stainless steel surface. Both the double layer capacitance and the bio-
film capacitance have an influence on the phase shift response of the
system in the low frequency region. Similarly, the impedance values
contain information on the charge transfer resistance of the passive film
and the diffusion resistance of the biofilm.

As indicated by the XANES results and well documented in the lit-
erature [3–5], the passive film at the start of the incubation is composed
of a thin mixed oxide film of iron and chromium oxy-hydroxides. For
the samples incubated in FeCi culture, the initial increase of the im-
pedance together with the secondary phase minimum centred at 0.5 Hz
correlates very well with the ex situ and in situ XANES results in-
dicating that the growing oxide film leads to an increase of the charge
transfer resistance and double layer capacitance. At the later stages of
biofilm formation, the pore resistance of the biofilm and the charge
transfer resistance of the growing oxide film dominate the impedance
response. During this transition, a decrease in the impedance and an
increase of the phase shift was observed. In the case of the CN32 cul-
ture, only a minor thickening of the surface film took place, this tran-
sition in the impedance behaviour is happening with a similar trend at
the beginning of the incubation.

For investigating the corrosion behaviour of incubated samples,
cyclic polarization curves were measured after exchanging the culture
media after incubation with sterile ShMM or sea salts solution. As seen
in Fig. 5 a), no pitting was observed in the incubation media containing
15.8 mM chloride with the samples incubated with the FeCi culture. For
the samples incubated in sterile culture medium, a higher passive
current was observed in comparison to the samples covered with bio-
film. The samples incubated in sterile control medium and CN32 cul-
ture have shown a similar pitting behaviour with pitting potentials
between 0.58mV and 0.62 mv (vs. sat. Ag/AgCl). Corrosion current
(icorr) values for samples incubated in CN32 and FeCi cultures calcu-
lated by fitting the Tafel region of the anodic sweep were 0.25 μA/cm2

and 1.1 μA/cm2, respectively. These results indicate a higher general
corrosion rate for the FeCi culture.

When the electrolyte in the incubation cell was exchanged with sea
salts solution containing>0.50M chloride, all samples have shown
pitting with pitting potentials observed at 0.29mV, 0.33mV and
0.41mV (vs. sat. Ag/AgCl) for samples incubated in sterile control
media, CN32 culture and FeCi culture, respectively. The higher re-
sistance to pitting observed with samples incubated in the FeCi culture
correlates well with the thicker oxide film present at the biofilm-metal
interface.

The representative SEM images of the samples after three days of
incubation in CN32 and FeCi cultures are presented in Fig. 6 a and b,
respectively. In Fig. 6 a), it can clearly be seen that the incubation alone
can lead to localized corrosion on the stainless steel surface. However,
on the samples incubated in FeCi culture, no pitting was observed, the

Fig. 3. Comparison of transmission XANES spectra of a) FeO, Fe3O4 and γ-Fe2 O3 reference spectra with the grazing incidence XANES spectra on steel coupons and b)
in situ backscattered fluorescence XANES spectra of the samples before incubation and after incubation in CN32 and FeCi culture.
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SEM image of the severest corrosion site is presented in Fig. 6 b. In the
few areas as depicted in Fig. 6 b), a preferential attack at grain
boundaries was visible. As indicated by the results of the cyclic polar-
ization studies, the FeCi biofilms have shown a protective effect.

4. Conclusions

Based on the results of the present study, the following conclusions
can be drawn.

• The ex situ XANES and reflectivity analysis on stainless steel sur-
faces and the results of in situ XANES studies on model iron films as
well as the electrochemical findings agree very well that the

abundance of Fe(III) during cultivation results in an acceleration of
oxide/hydroxide formation at the biofilm-iron/steel interface. The
formation of a thicker oxide/hydroxide layer at the FeCi biofilm -
steel interface resulted in a higher general corrosion rate but a
protective effect in terms of localized corrosion. This can have a
general consequence that bacteria released from active corrosion
sites can show a different corrosion behaviour.

• Even though the corrosion properties of stainless steel and iron
cannot be directly compared, the controversial results obtained in
the surface analysis by means of ex situ and in situ XANES mea-
surements are indications that the ex situ analysis of corrosion
products, as commonly practiced, can lead to a false description of
the interface chemistry, when re-oxidation processes can take place

Fig. 4. Low frequency impedance (a: CN32, b: FeCi) and phase (c: CN32, d: FeCi) plots extracted from full range EIS data (Figure SI1) collected during incubation
experiments.

Fig. 5. Cyclic polarization curves collected after 3 days of incubation in bacterial culture (OD600 0.1) or in sterile ShMM media a) in the incubation media b) after
exchanging to sea salts solution.
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in contact with the atmosphere. To take the next step in clarifying
this controversy, in situ XANES experiments on FeCr13 model thin
films will be performed during the next beamtime. As the passive
film properties are also affected by the minute alloying elements as
well as the microstructure, the model films will still be an approx-
imation. Novel cell designs allowing in situ grazing incidence ana-
lysis on technical alloys shall enable a reliable characterization of
the biofilm-metal interface.
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