<]
TUDelft

Delft University of Technology

The effect of dissolved oxygen and Shewanella algae on the corrosion mechanism of
titanium in a simulated marine environment

Li, Jiaqi; Jin, Yuting; Li, Jiahang; Li, Zhong; Zhang, Mingxing; Xu, Dake; Mol, Arjan; Wang, Fuhui

DOI
10.1016/j.corsci.2024.112400

Publication date
2024

Document Version
Final published version

Published in
Corrosion Science

Citation (APA)

Li, J., Jin, Y., Li, J., Li, Z., Zhang, M., Xu, D., Mol, A., & Wang, F. (2024). The effect of dissolved oxygen and
Shewanella algae on the corrosion mechanism of titanium in a simulated marine environment. Corrosion
Science, 239, Article 112400. https://doi.org/10.1016/j.corsci.2024.112400

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.corsci.2024.112400
https://doi.org/10.1016/j.corsci.2024.112400

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Corrosion Science 239 (2024) 112400

FI. SEVIER

Contents lists available at ScienceDirect
Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

AL

CORROSION
SCIENCE

The effect of dissolved oxygen and Shewanella algae on the corrosion
mechanism of titanium in a simulated marine environment

Jiaqi Li*™', Yuting Jin ', Jiahang Li*", Zhong Li*", Mingxing Zhang

Dake Xu ™", Arjan Mol “, Fuhui Wang ™"

& Corrosion and Protection Center, Northeastern University, Shenyang 110819, China

a,b,*
b

Y Key Laboratory for Anisotropy and Texture of Materials (Ministry of Education), School of Materials Science and Engineering, Northeastern University, Shenyang

110819, China

¢ Institute for Materials Intelligent Technology, Liaoning Academy of Materials, Shenyang 110167, China
d Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2, Delft 2628CD, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Microbiologically influenced corrosion
Dissolved oxygen

Shewanella algae

Passive film

Extracellular electron transfer

The influence of dissolved oxygen (DO) and Shewanella algae on the corrosion behavior of pure titanium were
systematically studied in this work. The formation of S. algae biofilms on titanium surface was facilitated by the
anaerobic environment, which accelerated titanium corrosion. Upon the breakdown of passive film, S. algae
acquired electrons from the titanium base substrate through extracellular electron transfer (EET) processes.
Various EET-related genes were overexpressed by the low DO condition, leading to enhanced EET kinetics. High

concentration DO increased TiO content and the thickness of passive film, which enhanced the protective effect
and mitigated microbiologically influenced corrosion.

1. Introduction

With the prosperous development of marine industry and the urge
for applications operating under extreme conditions, the development
and application of marine grade engineering materials also puts forward
more stringent requirements [1]. Marine corrosion is considered to
represent a severe and urgent hazard to high performance applications
due to the aggressive nature of marine environments [2-4]. Corrosion
not only induces huge economic losses but also poses a serious threat to
structural integrity of marine structures as well as pollution of the ma-
rine ecosystem [5,6]. The severity of corrosion in marine environments
originates from the highly conductive nature of seawater, its aggressive
constituents such as chlorides, and the adhesion of marine organisms|[7].
Microbiologically influenced corrosion (MIC) represents a significant
portion of corrosion failure of metals in marine environments [8,9].
Aiming to pave the way for the detection of and effective protection
against MIC, it is imperative to explore the underlying mechanisms and
kinetics.

Commercially pure titanium (Ti) represents a new marine grade
structural engineering metal due to its excellent mechanical properties

and corrosion resistance [10]. However, due to its good inherent
biocompatibility, Ti has a high risk of suffering from MIC during
long-term application [11,12]. For example, large perforation of a
heavily scaled titanium condenser tube in a seawater environment has
been reported due to scouring corrosion from turbulent flow in an area
accumulating organic microbes [13]. Recent research of MIC of Ti has
focused on the effect of microbial activity on the external environment
and release of corrosive metabolites. For example, biofilms may lead to
local acidification [12,14] and ions in metabolites may react with the
metal surface, resulting in micro-pit formation [15,16]. Furthermore, it
has been reported that MIC of Ti is related to extracellular electron
transfer (EET) [17,18]. Shewanella algae is a common and electroactive
facultative anaerobe in the marine environment [19,20]. Many studies
have demonstrated that S. algae reduce high-valent metal ions to
lower-valent states, thereby affecting the corrosion process at the
metal-electrolyte interface [21,22].

In addition, also other environmental factors need to be taken into
account in order to unravel the metabolic and corrosion mechanisms of
MIC activity under practically relevant conditions. When serving in the
marine environment, engineering metals may experience different and
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varying dissolved oxygen (DO) concentrations due to variations in
location, including latitude, longitude, and depth of application. In it-
self, dissolved oxygen is a crucial factor that affects the degradation
behavior of engineering metals in the marine environment [23]. DO is a
strong depolarizing agent and most metallic materials suffer from
cathodic depolarization corrosion when subjected to high DO conditions
[24,25]. The DO influences the equilibrium potential of the cathodic
reduction reaction from a thermodynamic point of view and its ex-
change current density from a kinetic perspective. Moreover, dissolved
oxygen has an effect on the passivation behavior of metals [26-28]. DO
can change the composition of the corrosion product or passive film on
low carbon steel, acting as an oxidizing agent to convert iron from the
mixed Fe(II) and Fe(III) form in Fe304 to the more stable Fe(III) form in
v-Fe2O3 [28]. An increased DO concentration is shown to lead to a
decrease of defect density and thickening of the space charge layer in
passive films on stainless steel, which reduced the corrosion rate [29].
However, in certain environments, high DO concentrations is reported
to reduce the stability of the passive film [30,31]. Therefore, the
passivation behavior of specific metals under different DO conditions
needs to be discussed in relation to the specific environment. Li et al.
[32] reported the joint effect of temperature and DO on Ti alloys and
showed that high DO concentrations have a positive effect on the
passivation behavior. However, along with the presence of microor-
ganisms, the effect of DO on Ti corrosion is yet uninvestigated. It is an
important open question that requires further investigation, as the DO
may affect the growth and metabolic properties of microorganisms to
influence the biofilm formation [27-29] and hence the overall MIC
mechanism and kinetics. Therefore, it is imperative to not only study the
individual effects of DO and microorganisms in the marine environment
but also their interaction to better understand the corrosion mechanisms
and kinetics of materials in practical marine environments.

In this study, the corrosion behavior of commercially pure Ti under
the joint effect of DO and S. algae was investigated. Concerning the
differences in DO concentration between marine surface and deep-water
conditions, both oxygen-saturated and fully anaerobic conditions were
set. Biofilms of S. algae were observed by scanning electron microscopy
(SEM) and confocal laser scanning microscopy (CLSM). Electrochemical
tests and pitting corrosion studies were performed to investigate the
individual and combined effect of S. algae and DO on the corrosion
behavior of pure Ti. The effect of set conditions on the passive film
characteristics was analyzed by Mott-Schottky tests and X-ray photo-
electron spectroscopy (XPS). Point defect modeling (PDM) was per-
formed to unravel the passive film defect characteristics. RNA
transcriptome experiments were performed to study the effect of DO on
the expression of S. algae genes to fundamentally reveal the corrosion
mechanism. This mechanistic study provides targeted guidance for the
practical application and corrosion protection of titanium alloys in
marine environment.

2. Materials and methods
2.1. Materials, bacterial strain and culture medium

The elemental composition of commercially pure Ti samples (wt%)
was 0.01 Cu, 0.02 Fe, 0.01 C, 0.002 N, 0.10 O, 0.001 H (Ti balance). All
materials were provided by the Institute of Metal Research, Chinese
Academy of Sciences. For electrochemical testing, the samples were
mounted into epoxy resin. For the growth of the biofilm and surface
analysis, samples of 10 mm in diameter and 3 mm in thickness were
employed. The exposed surfaces were polished by SiC paper up to 1000
grit, cleaned ultrasonically and sterilized before use.

S. algae MCCC 1A11468 was purchased from the Marine Culture
Collection of China (MCCC) (Xiamen, China). The standard 2216E me-
dium used in this study contains (g/L): 19.45 NacCl, 5.98 MgCl,, 3.24
NayS0y4, 1.80 CaCly, 0.55 KCl, 0.16 NayCOs, 0.08 KBr, 0.08 SrBr,, 0.034
SrCly, 0.0024 NaF, 0.022 H3BO, 0.0016 NH4NO3, 0.008 NayHPO4, 0.004
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NaSiOs, 5.0 peptone, 1.0 yeast extract and 0.1 ferric citrate. The culture
media was buffered at pH 7.2 + 0.2 and the initial cell concentration
was approximately 10° cells/ mL. The culture medium was autoclaved at
121 °C for 20 min in order to obtain aseptic conditions. After cooling, the
solution was transferred to sterilized glass bottles and aerated using Ny
and O gases for 1 h at 25°C to reach saturation respectively. Ny and Og
were filtered through the 0.22-micron sterile centrifugal filter for ste-
rility before flowing into the medium. Measured by an oxygen analyzer
(YSI 550 A, China), the dissolved oxygen concentration (DOC) of the
anaerobic culture solution was less than 0.1 ppm while the DOC of the
Oy-saturated culture solution was set and maintained at 20 ppm. Oxygen
in an oxygen-saturated environment is supplemented by a needle every
three days. The DOC in different mediums before and after immersion
was listed in Figure S1. All experimental equipment was sealed in
paraffin for the subsequent 14-day immersion time to sustain the DOC.

2.2. Biofilm characterization and surface observation

Morphological surface analysis of coupons exposed to the different
culture media were performed after the 14-day exposure time. The
morphology of biofilms on the coupon surfaces was studied by field
emission-scanning electron microscopy (FE-SEM) (Ultra-plus, Zeiss,
Germany). Prior to experiments, specimens were prepared by 4 %
glutaraldehyde fixation for 4 hours and then dehydrated in ethanol with
various concentrations (v/v) of 50 %, 60 %, 70 %, 80 %, 90 %, 95 %, and
100 %. Furthermore, the specimens were stained by the Live/Dead
BacLight Bacterial Viability Kit L7012 (Life Technologies, USA) in the
dark environment for 30 minutes in advance. Live and dead sessile cells
were detected using a confocal laser scanning microscope (CLSM Model
C2 Plus, Nikon, Japan). The biofilm thickness was measured by its
digital 3D surface model.

2.3. Electrochemical tests

Electrochemical tests were performed with a Gamry 600 Electro-
chemical Workstation (Gamry Instruments, USA) using a conventional
three-electrode system. A saturated calomel electrode (SCE) and a
platinum sheet (10 mm x 10 mm x 0.1 mm) were used as a reference
electrode and a counter electrode, respectively. All electrochemical
measurements were performed after stabilization of the open circuit
potential (OCP) for at least 20 mins. Linear polarization resistance (LPR)
measurements were performed over a potential range of —5 mV to 5 mV
versus OCP at a scanning rate of 0.333 mV/s. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed at a 5 mV
amplitude sinusoidal voltage over a frequency range from 100 kHz to
0.01 Hz and the results were analyzed and fitted by ZsimpWin software.
For potentiodynamic polarization tests, both anodic and cathodic plots
were separately recorded at a sweep rate of 0.333 mV/s starting from
OCP. Moreover, capacitance measurements (Mott-Schottky analysis)
were performed through scanning from —0.6 V to +1.6 V vs. OCP at a
sweep rate of 20 mV/s, with a sinusoidal wave modulated signal of 5 mV
and a frequency of 1 kHz. All electrochemical tests under the same
conditions were repeated at least three times for reproducibility
analysis.

2.4. Pit morphology and stochastic pit growth analysis

The contour and depth of the corrosion pits were observed and
measured by a CLSM machine (LSM710, Zeiss, Germany). Prior to this
experiment, the adhering biofilm and corrosion products were removed
from coupon surfaces following ASTM standard G1-03.

Each pit depth value was measured randomly from more than 10
identically exposed coupons, and the deepest pit depth for each inves-
tigated coupon was chosen to obtain ten maximum pit depths. The cu-
mulative probability F can be calculated using n/(N+1), where n is the
ordinal number of the pit depths arranged from smallest to largest, and N
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is the total number of selected pits. The formula for the Gumbel distri-
bution of pit depths [31-33]:

Y= —In(-InF) @

Y = 2)

where Y is the reduced variant,d; is the pit depth, u is the center
parameter, and a is the scale parameter. The probability of pit depth can
be described by the following double exponential equation [34,35]:

Prax = p+alnS 3
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where P denotes the probability of pit depth, S is the total area of the
specimen, and Py, is the probability of maximum pit depth.

2.5. Passive film analysis

The composition of passive films formed on the different samples was
studied via X-ray photoelectron spectroscopy (ESCALAB250, USA). The
monochromatic X-ray source is Al Ka radiation of 15 kV and 150 W at
50 eV passing energy with a step of 0.1 eV. The wide binding energy
range extends from O to 1350 eV. The XPS data were analyzed by
CasaXPS software (Version 2.3.15, USA), and the binding energy scale
was calibrated by the standard Cls peaks.

The point defect density of the passive films was obtained by Mott-
Schottky analysis. According to the conventional Mott-Schottky space-
charge theory [36], the capacitance of a passive film (Cy) is considered to
be constituted from the combination of three capacitances: the Helm-
holtz capacitance (Cy), the space-charge capacitance (Csc) and the
surface state capacitance (Css), which is given by:

1 1 1 1

= 44— 5)
G GCs¢ Cu GCss

Because both Cy and Csg are larger than Cgc, the reciprocal of Cy and
Css can be negligible [37]. As the space-charge of the passive film is
under depletion conditions, a linear relationship is expected between
1/C%c and the applied potential (E) for the film, which can be described
by the following Egs. (6) and (7) for different semiconductors:

12
C.®  eg,eN4A?

(E — Ep, — g) (for n type) (6)

12
Cy>  eg,eN,A2

<E — Ep, — k?T) (for p type) 7)

where Ng and N, represent the charge carrier densities of the donor and
the acceptor, respectively, A is the surface area of working electrode,
and ¢ the dielectric constant of the passive film (here ¢ is taken as 15.6
[38,39]), € the vacuum permittivity, e the elementary charge, k the
Boltzman constant, T the absolute temperature and Eg, is the flat band
potential.

2.6. Transcriptome analysis

Initially, S. algae was cultivated on pure Ti samples under oxygen-
saturated and anaerobic conditions to promote the formation of bio-
films. The biofilms were collected from the sample surface into a 4°C
PBS solution using a sterilized brush-like applicator.

The biofilm suspension was resuspended and vortexed in 10 mL RNA
extraction buffer (RNeasy kit, Ambion, USA). Samples were incubated at
65°C for 10 min and shacked every few minutes. The 2 pL Superase-in
RNase inhibitor (from RNeasy kit) and 50 pL 0.5 M CaCl, were added
into the 2 mL tubes, and the incubated sample was dispensed into tubes.
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The mixture was centrifuged for 10 min. In the meantime, 50 pL Plant
RNA isolation aid and 4 pL linear acrylamide (from Ambion, USA) were
added to a new tube. The aqueous phase was then transferred in it. The
1 mL phenol-chloroform-isoamyl alcohol (stored at 4°C) preheated to
65°C was added and the mixture was rotated and centrifuged on high
speed for 10 min. Then the aqueous phase was transferred to the tube
with 100 pL 3 M sodium acetate (RNase free) and 20 pL Glycogen. Iso-
propanol (1 mL) was added and the sample was precipitate at —30°C for
1 hour. The liquid was poured and then added 750 pL cold 70 % ethanol
into sample. After centrifuged, the ethanol was pumped and the pellet
was air dried at room temperature for about 5-10 min. The sample was
resuspended in 50 pL TE buffer (from RNeasy kit), and RNA sample was
collected after 10 minutes at room temperature. The concentration and
purity of RNA were assessed using UV-Vis spectrophotometer (Nano-
drop 2000, Thermo Scientific™, USA) while its integrity was examined
through agarose gel electrophoresis. For a single library preparation, the
RNA requirements were set as follows: total RNA quantity>1 ug, con-
centration>35 ng/uL, OD2g0,280>1.8, and OD2g0,230>1.0. The samples
were immediately frozen in liquid nitrogen and stored at —80°C before
detection. The construction and RNA-Seq of the transcriptomic libraries
were performed by the Personalbio gene technology Co., Ltd. (Nanjing,
China) using the Illumina Hiseq™ platform. We used DESeq for differ-
ential analysis of gene expression, and the conditions for screening
differentially expressed genes were: expression difference ploidy |loga.
FoldChange| > 1, significance p-value < 0.05. Volcano plots of differ-
entially expressed genes were plotted using R language (Ggplots2
software package) [40-42]. The volcano plot showed the distribution of
genes, the difference in expression of genes and the significance of dif-
ferences observed.

3. Result and discussion
3.1. Effect of the DO and S. algae on the corrosion conditions

3.1.1. S. algae biofilm formation on Ti

Fig. 1 shows the morphology of S. algae biofilms developed on the
surface of Ti coupons after 7 and 14 days of immersion in anaerobic, and
Oy-saturated media. In the anaerobic culture, S. algae adapted to the
oxygen-limited conditions and formed a biofilm on Ti surface as from
the 7th day (Fig. 1a). With immersion time, the biofilm became dense,
multilayered and complex (Fig. 1b). This indicated that under anaerobic
conditions, S. algae maintained a biofilm-forming capability. In contrast,
when the oxygen was saturated, the cells sparsely distributed on Ti
coupons and hardly exhibited a complete layer structure throughout the
full immersion period (Fig. 1c and d). The sparsely formed biofilm
under Oj-saturated condition indicated that high DOC hindered S. algae
to form a dense biofilm on Ti surface.

3.1.2. Cell activity and biofilm thickness

The activity of sessile cells was studied and the thickness of the
biofilm was measured by CLSM (Fig. 2). Under anaerobic condition,
sessile cells were homogeneously and densely dispersed. The bright
green dots indicated that these cells remain highly biologically active.
From day 7-14, the maximum thickness of the biofilm increased from
28.8 pm to 35.1 pm (Fig. 2a and b), and the average thickness increased
from 27.6 + 1.3 pm to 33.3 + 1.9 pm (Fig. 2e). Under the Oy-saturated
condition, cells are dispersed unevenly on the surface of the Ti sample.
Biofilms in some regions were shedding over time. For day 7 and day 14,
the maximum thickness of biofilm was 17.2 pm and 20.4 pm (Fig. 2¢ and
d) while the average thickness was 17.0 + 2.2 and 19.8 + 0.6 ym
(Fig. 2e), respectively. Consistent with the SEM results, CLSM images
indicated that high DOC affected the dispersion and thickness of S. algae
biofilm formation on Ti surfaces.

3.1.3. Medium analysis
The evolution of pH with immersion time in different culture media
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Fig. 1. SEM observation of S. algae biofilms attached on the Ti coupon surface in the anaerobic culture solutions at a Day 7 and b Day 14, in the O,-saturated culture
solutions at ¢ Day 7 and d Day 14.
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Fig. 2. CLSM analysis of S. algae biofilms attached on the Ti coupon surface. Green fluorescence represents active cells. Images of the thickest biofilm in the anaerobic
culture solutions at a Day 7 and b Day 14, in the O,-saturated culture solutions at ¢ Day 7 and d Day 14. e Average thickness. Results are the mean and standard
deviation (n > 3). Error bars represent standard deviations from at least three independent coupons.

was measured (Fig. 3a). The pH remained constant at 7.2 for the sterile
medium in both anaerobic and Os-saturated culture medium. With the
inoculation of S. algae, the pH increased from 7.2 to 7.8, and then
remained relatively constant towards the end of the incubation. The pH
in aerobic environments was always slightly higher than that in

a
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8.4
82
8.0
78
76
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70

anaerobic environments. The nearly neutral pH indicated that Ti
corrosion induced by S. algae was not alike acid corrosion which was
reported to play a critical role in the corrosion of titanium dental im-
plants in oral environment [43].
The growth curves in the different media demonstrated that the
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Fig. 3. a Variation of pH in the different mediums. b Growth curve of S. algae in the medium.
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optical density (OD) values of cells in oxygen-saturated solutions were
significantly higher than those in anaerobic solutions (Fig. 3b). This data
indicated that S. algae cells preferred to grow in the medium rather than
in biofilms on the metal surface at higher oxygen levels. Generally,
Shewanella has respiratory diversity and is adept at forming complex
biofilm, but there are many factors influencing cell differentiation and
seeding dispersal within the biofilm, such as metabolite accumulation,
donor insufficiency, or receptor species limitation [44-46]. When Oy
served as the sole electron acceptor, Shewanella species cells have been
reported to show pronounced dispersive behavior and form hollow
colonies [44,46]. This is consistent with the biofilm formation behavior
of S. algae on pure Ti observed by SEM and CLSM. Overall, under
anaerobic conditions, S. algae was more capable of forming biofilms on
Ti surface.

3.2. Effect of DO and S. algae on the electrochemical behavior of Ti

3.2.1. OCP, LPR and potentiodynamic polarization analysis
Electrochemical techniques were applied to study the corrosion
behavior of Ti as a function of absence or presence of S. algae and DO.
The open circuit potential (Eocp) and polarization resistance (Rp,) values
are presented in Fig. 4. As shown in Fig. 4a, the Egcp value in the Oo-
saturated medium was more positive than that in the anaerobic me-
diums over the full immersion time. The addition of S. algae caused a
significant decrease in Egcp value. A more negative Egcp value implies a
higher intrinsic corrosion propensity[47]. Thus, the OCP data indicated
that high DOC reduced the tendency of Ti to corrode, while S. algae
increased the tendency. For LPR tests (Fig. 4b), the R, values under
different conditions showed no significant differences in the initial two
days. The R, value of Ti coupons under O,-saturated sterile medium
increased from a minimum value of 6.6 MQ-cm 2 to a maximum value
of 16.9 MQ-cm ™2 during the whole immersion period, and the average
value of R, after the second day was 11.7 + 2.7 MQ-cm ™2 The upward
trend of R, values with time indicated that the Ti coupons underwent
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passivation[48]. In contrast, the R, values of coupons under anaerobic
sterile condition were lower. The maximum R, value was 7.9 MQ~cm_2,
with a mean value of 6.4 + 0.7 MQ-cm ™2 after the second day. Since the
corrosion rate can be considered to be proportional to the inverse of the
R, value [49], the LPR result indicated that the DO had an inhibitory
effect on the corrosion of Ti. In the presence of S. algae, the average R,
value for Ti under Oj-saturated medium decreased to 2.8 +
0.5MQ-cm™2, and the average value under anaerobic medium
decreased to 1.1 + 0.3 MQ-cm 2. The R,, values of coupons under bac-
terial conditions decreased nearly tenfold compared to those under
sterile conditions, indicating that the presence of S. algae biofilm
significantly accelerated the corrosion rate. While DO slowed down the
corrosion rate under S. algae conditions, the degree to which S. algae
accelerated corrosion was much larger than the rate at which DO slowed
down corrosion.

The potentiodynamic polarization curves provide information on the
corrosion current density under each condition. In Fig. 4c, the polari-
zation curve shifted positively in Oq-saturated sterile seawater media
compared to the anaerobic media in both bacterial and sterile envi-
ronments. This phenomenon was due to the increase of oxygen partial
pressure at the electrode surface with high DOC, thus resulting in the
negative shift of corrosion potential [50]. In the presence of S. algae, the
polarization curves of the electrodes also showed a negative shift in
corrosion potential (Fig. 4d). Furthermore, the corrosion current density
(icorr) from fitting with Tafel extrapolation were shown in Fig. 4d to
quantify the corrosion rate. The ico in the Og-saturated sterile seawater
medium was 4.9 + 0.3 nA cm ™2, lower than icor in the anaerobic sterile
medium (8.3 + 1.4 nA cm™2). In the presence of S. algae, Ti under
anaerobic medium exhibited a significantly increased ico;r at 22.6 +
0.8 nA cm 2, which was about three times higher than that in sterile
medium. In the Os-saturated condition, the i.o of Ti decreased to
approximately 16.2 & 1.2 nA cm 2. This result agreed with LPR data
and confirmed that S. algae significantly accelerated corrosion and a
high DOC has a protective effect on Ti.
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Fig. 4. Corrosion behavior of Ti in the different mediums: Variations of a E,., and b R;, data over time, ¢ potentiodynamic polarization curves of the samples after
immersion for 14days, and d fitted icor and E.o values. Error bars represent standard deviations from at least three independent coupons. An asterisk represents a

statistically significant difference (*p < 0.05, **p < 0.01).



J. Lietal

3.2.2. Electrochemical impedance spectroscopy analysis

The EIS results for the Ti coupons in different media for 3, 7 and 14
days are shown in Fig. 5. In the Nyquist plots, flat and incomplete
capacitive arcs were observed in all environments, which also describe
the typical passivation characteristics of passive films grown on Ti [32,
51]. For the coupons immersed in the solution for 14 days, the arc radius
in the low-frequency region of the Nyquist plots (Fig. 5a-c) decreased in
presence S. algae representing a lower corrosion resistance [52] versus
that under sterile conditions. In the corresponding Bode plots (Fig. 5d-f),
all curves also exhibited two partially overlapping time constants, and
the phase angles approaching —90° from the low to medium fre-
quencies. Generally, the higher impedance values at low frequency in
Bode plots (|Z|o.01 uz) represent a higher corrosion resistance [53]. The
result in Fig. 5g showed that S. algae decreased the corrosion resistance
while the oxygen increased it. For two time constants, the one in the
mid-high frequency range is indicative of the capacitive and resistive
behavior in the surface film, and the one in the low-frequency region
reflects the charge transfer process in the metal-to-electrolyte/surface
film interfacial region, all in all representing the impedance response
of the passive layer [54-56]. Therefore, the equivalent electrical circuit
shown in Fig. 5h, which is widely used for passivating systems, was
chosen to fit the impedance spectrum results [32,57,58]. This equivalent
circuit model is composed of the electrolyte resistance (R;), the oxide
layer resistance or the mixture resistance of oxide layer and biofilm (Ry),
the charge-transfer resistance (R.) and the constant phase element
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(CPE, Q). It is necessary to use the constant phase element instead of an
ideal capacitance on account of the dispersion effect of the heterogeneity
caused by electrode corrosion in the medium. Qs represents the capaci-
tive properties of the oxide layer, and Qq represents the capacitive
properties of electric double-layer[59-62]. The impedance of CPE can
be determined by:

Z(CPE) = [Yo(jw)"] ®)
where n and Y, are the CPE parameters, o is the angular frequency (in
rad s71), and j2 = —1. The Yy is the conductance; n is the coefficient of
dispersion reflecting the surface roughness. The Q is ideal capacitor (C)
when n equals to 1.

The fitted EIS data are listed in Tables S1-S3. The R value is
inversely proportional to the corrosion rate, and the variations in R
resistance are displayed in Fig. 5i. The R ranks as following: Os-satu-
rated sterile medium > Anaerobic sterile medium > Oj-saturated
S. algae medium > Anaerobic S. algae medium. The corrosion rate re-
flected by R results was the same as that of R, as studied with LPR. All
electrochemical test results lead to the same conclusion, the corrosion
rates for different conditions were ordered as: Anaerobic S. algae me-
dium > Oy-saturated S. algae medium > Anaerobic sterile medium > O»-
saturated sterile medium.
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Fig. 5. The Nyquist and Bode raw plots of Ti coupons exposed to the different mediums after (a, d) day 3, (b, e) day 7 and (c, f) day 14. g the log|Z| values at 0.01 Hz
of coupons exposed to the different mediums. h Equivalent fitting circuit. The equivalent circuit model is composed of the electrolyte resistance (R;), the oxide layer
resistance or the mixture resistance of oxide layer and biofilm (Ry), the charge-transfer resistance (R), the capacitive properties of the oxide layer (Qp) and the
capacitive properties of electric double-layer capacitance at the film/solution interface (Qq)). i The R, value from EIS data fitting. Results are the mean and standard
deviation (n > 3). Error bars represent standard deviations from at least three independent coupons.
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3.3. Effect of DO and S. algae on the pitting corrosion of Ti

3.3.1. Pitting observation and statistics

In order to determine whether biofilm growth on the Ti surface
resulted in pitting, the corrosion morphologies of Ti coupons after
removing the biofilms and corrosion products were analyzed. The
morphologies of the deepest pits are shown in Fig. 6a-d. Under sterile
condition, very shallow pits were formed on the Ti surface after 14 days
of immersion (Fig. 6a and b). It indicated that pure Ti possessed good
resistance to pitting corrosion in the sterile seawater medium. With the
addition of S. algae, the localized corrosion was significantly aggravated
and the depth of pits increased. Under Og-saturated S. algae conditions,
the maximum pit depth reached was 4.6 pm (Fig. 6¢), much higher than
the maximum pitting depth of 1.6 pym in sterility (Fig. 6a). Under
anaerobic S. algae conditions, the maximum pit depth reached 5.1 pm
(Fig. 6d), more than twice the maximum pit depth of 2.0 pm under
sterile condition (Fig. 6b). These observations indicated that S. algae
destabilized the passive film of Ti enabling visible pitting at its surface.
On the other side, the presence of oxygen lowered the extent of localized
corrosion of Ti coupons.

Moreover, the pitting density on the coupons under different con-
ditions was determined and presented in Fig. 6e. The pitting density of
Ti coupon in the presence of S. algae was significantly higher than in the
sterile condition, but the difference between the aerobic and anaerobic
conditions was not significant. Fig. 6f shows the statistics of the ten
maximum pit depths of Ti coupons after 14 days of immersion. The pit
depth of Ti coupons in Og-saturated sterile medium ranged from 0.4 to
1.6 um, and the pit depth in the anaerobic sterile medium ranged from
0.9 to 2.0 um. In comparison, the pit depth of Ti coupons in Os-saturated
S. algae medium ranged from 1.3 to 4.6 um, and the pit depth in the
anaerobic S. algae medium ranged from 1.6 to 5.1 um. In brief, the pit
depth showed the same trend in the electrochemical corrosion rate (For
instance, the i.o value of Fig. 4d): Anaerobic S. algae medium > O-

Pit depth 1.6 pm J “* Pit depth 2.0 pm
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saturated S. algae medium > Anaerobic sterile medium > Og-saturated
sterile medium. The results indicated that S. algae enhanced pitting
while oxygen weakened it. When S. algae and oxygen were simulta-
neously present, the effect of S. algae was the predominant factor.

3.3.2. Stochastic modeling of pit initiation and growth

In order to further reveal the pit formation mechanism under
different conditions, Fig. 6g shows the Gumbel distribution of the pit
depths. This distribution was obtained from the cumulative probability
of pit depth presented in Figure S2. Under sterile conditions, there was
only one linear region of pure Ti in both aerobic and anaerobic media.
This demonstrated that under sterile conditions, only one corrosion
mechanism controlled the pitting behavior, represented by the corrosive
chloride ions in the seawater medium. Pitting in this case was meta-
stable. However, pure Ti in the S. algae-containing medium had two
linear regions, indicating that the pitting behavior was controlled by two
corrosion mechanisms [63]. The pits developed from the meta-stable to
stable state at a transition depth of about 2.5 pm. In addition, the scale
parameter o and the location parameter p (Table S4) from the Gumbel
distribution were analyzed to predict the probability of pits (Fig. 6h).
The slope of pitting probability in sterile medium was greater than that
of S. algae-containing medium, suggesting that the probability of form-
ing larger pits was lower under sterile conditions, whereas S. algae
increased the probability of larger pits. Further, the slopes were all
smaller in the Op-saturated culture solution, which indicated that oxy-
gen had an inhibitory effect on the pitting occurrence.

3.4. Effect of DO and S. algae biofilm on the passive film properties of Ti

3.4.1. Passive film thickness

The passive film is the first barrier to protect titanium substrate from
corrosion [44]. The corrosion resistance is related to the properties of
passive film, including thickness, composition and point defects [64,65].
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Therefore, the properties of passive films were investigated and
analyzed from these three perspectives. The approximate thickness of
passive film could be obtained by XPS depth profiles. The oxide scale
equivalent thickness was inferred from the half height of initial
maximum oxygen-atoms concentration [66-68]. As shown in Fig. 7a
and b, the thickness of Ti passive film in the O-saturated sterile envi-
ronment (approximately 13.6 nm) was slightly higher than that for the
anaerobic sterile environment (approximately 11.6 nm). This result
indicated a positive effect of oxygen on passive film formation. How-
ever, the thickness was significantly reduced when the S. algae was
inoculated. The thickness of passive film in the Os-saturated S. algae
environment was approximately 9.4 nm (Fig. 7c¢) while in the anaerobic
S. algae environment it was approximately 7.3 nm (Fig. 7d). The trend of
passive film thickness was: Op-saturated sterile medium > Anaerobic
sterile medium > Og-saturated S. algae medium > Anaerobic S. algae
medium. The decrease in thickness represented the negative effect of
S. algae on passive film formation, which underpins the observations of
accelerated corrosion under these conditions. While S. algae showed a
negative effect on the passive film, oxygen enabled promotion of the
passivation process to enhance the thickness of the passive film, thereby
reducing some of the overall corrosion rate.

3.4.2. Passive film composition

In addition to depth profiles, XPS test provided the composition in-
formation of passive films (Fig. 8). In the XPS survey spectra (Figure S3),
Ti and O elements were detected for all conditions, indicating that the
passive film mainly consisted of titanium oxide. Further, detailed spec-
tral analysis of the Ti element was performed to determine the specific
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types of titanium oxides and the relative percentages of each titanium
oxide were calculated from the integral area of corresponding elements
[69,70]. Generally, the relative content of TiO, in passive film plays a
crucial role in the corrosion resistance of Ti coupons[56]. A higher ratio
of TiO, indicates enhanced stability and better corrosion resistance of
the passive film[32]. In the Oy-saturated sterile medium (Fig. 8a, b),
73.6 % of titanium at 3 nm and 58.0 % of titanium at 6 nm of passive
film existed as constituent of TiO5. While in the anaerobic sterile me-
dium (Fig. 8e, d), the corresponding relative proportion of titanium
oxide was different and the TiO, content decreased to 68.1 % and
48.3 % respectively. This result indicated that oxygen elevated the TiO5
content in the passive film. In the presence of S. algae, the proportion of
TiOy was further reduced while the proportion of other oxides was
increased. The percentages of TiOy under aerobic condition at 3 nm and
6 nm were 41.1 % and 8.6 % (Fig. 8e, f). The percentage of TiO, under
anaerobic condition at 3 nm was 27.5 % while the presence of TiO2 was
not detected at a depth of 6 nm (Fig. 8g, h). The order of TiO, content in
passive film of under each condition was the same as that for the passive
film thickness (Fig. 7). Therefore, it can be concluded that S. algae
accelerated corrosion was due to the destruction of the passive film,
which was manifested in the reduction of TiO, content. High DOC
tempered the MIC effect by increasing the TiO5 content.

3.4.3. Point defect density of passive film

When the protective properties of passive film are decreased, the
metal atoms will dissolve rapidly into the solution through short-circuit
diffusion channels to form metal ions, leaving a large number of point
defects on the surface. The corrosion resistance of Ti is related to the
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Fig. 7. Depth profiles of the passive films formed on the Ti immersed in the different media after 14 days: a in the sterile medium of O-saturated culture solutions
and b anaerobic culture solutions, ¢ in the presence of S. algae of O,-saturated culture solutions and d anaerobic culture solutions. Results are the mean and standard
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concentration and diffusivity of point defects in passive film [71,72].
Mott-Schottky results of pure Ti exposed to the different medium for
1 day, 4 days, 7 days, 10 days, and 14 days are shown in the left column
of Fig. 9. For all plots, positive slopes were obtained for each condition,
implying that the passive film of Ti coupons behaved as n-type semi-
conductors in all environments. The presence of oxygen or bacteria did
not change the semiconductor type of the passive film. The acceptor
density (Ng) of the passive films were calculated according to the slopes
of Mott-Schottky curves and listed in the right column of Fig. 9. It could
be seen that the Ny increased gradually with time under all mediums,
indicating that the densification of the passive film decreased with
increasing immersion time. Besides, the Ny in the sterile environment
was much smaller than that in the S. algae inoculated condition and the
samples in the presence of oxygen maintained a lower defect density
than samples without oxygen. The donor density ranking was in the
order of Anaerobic S. algae medium (Fig. 9h) > Op-saturated S. algae
medium (Fig. 9f) > Anaerobic sterile medium (Fig. 9d) > Oy-saturated
sterile medium (Fig. 9b). Therefore, S. algae increased the Ny value of
passive film while the DO decreased the N4 value. In passive films, the

defect density in TiO; is higher than that in Ti»O3; and the content of
TipOg3 is usually proportional to the defect density. Therefore, there was
consistency between the pitting results and the XPS results. Combined
with the thickness and composition data of passive film (Fig. 7 and
Fig. 8), it could be concluded that S. algae contributed to the destruction
of the passive film, while DO has a protective effect to it.

3.4.4. Analysis of the semiconductor property of passive film

Point defect modeling (PDM) serves to interpret kinetic information
about the growth and decomposition of passive films[73]. In this study,
the PDM model was employed to discuss the effect of DO and S. algae on
passive film. The slope of curves and the fitted data in Fig. 9 showed that
the passive film of Ti is an n-type semiconductor. For the n-type semi-
conductor, oxygen vacancies (Vg) and cation vacancy (V“T'i) are the
major point defect types [39,74]. Reactions for the production of oxygen
vacancies (V') and cation vacancy (V%}) in pure Ti are[39]:

Ti—>Tiy + 2V + 4~ )
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s medt
T1—>T1(aq

)+ Vi (10)
Where, Tiy; corresponds to Ti ions in the cation site of the passive
film,Vg corresponds to oxygen vacancies in the passive film which
carries two positive charges and V%’i corresponds to Ti ion vacancies in
the passive film which carries four negative charges. Since the passive
film is semiconducting, the above two reaction for the appearance of
point defects is spontaneous. However, external environmental factors
(dissolved oxygen and microorganisms) can impact the rate of the re-
action or stimulate the generation of new reaction, thus influencing the
point defect density.

10

Oxidation of metals occurs at the passive film/ substrate interface
and oxygen vacancies are generated [32,59]. The Vg’ will move to the
passive film/solution interface due to diffusion effects, thus the con-
centration of oxygen vacancies in the passive film shows an index decay
trend. Oxygen in solution can adsorb on the surface of passive film and
occupy the anionic vacancies to participate in the forming passive film,
and the occupancy rate is proportional to the amount of oxygen adsor-

bed on the surface of the material. The reaction is [59,75]:
0, +2Vy +4e —20, amn

Where, Og corresponds to oxygen ion in the anion site of passive film.
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When the concentration of oxygen in the solution is higher, it is favor-
able to the occupancy of oxygen vacancies and the formation of oxides in
the passive film. Due to partial oxygen vacancies (V') being occupied,
the point defect in the passive film decreased with high DOC (as shown
in Fig. 9).

Microorganisms are hardly directly involved in the reaction of point
defects. Since the synergistic effect between S. algae and chloride ions in
the corrosion process has been reported, the effect of S. algae on point
defects can be established by corrosive ions in seawater [17]. Besides,
biofilms can cause local submembrane enrichment of chloride ions and
enhance their effects. According to PDM, the aggressive chloride ions
could adsorb at the surface and occupy the oxygen vacancy at the
film/solution interface, resulting in the enhanced generation of cation
vacancies (V%/i) via Schottky-pair (Null) reaction [50,51]:

Vg +Cl -nH,0 < CI) +nH,0 (12)

Null & V¥ +2V2* (13)

The presence of electron vacancies results in more chloride ions
being attracted to the surface of the passive film causing a greater degree
of ion enrichment. The generated Vg reacts further with Cl™ to recycle
more and more cation/oxygen vacancy pairs. Even though some of the
oxygen vacancies are consumed, the reaction produces more pairs of
vacancies. Wherein, the cationic vacancies (V%’i) react with Ti ions at the
metal/passive film interface[75]:

Ti+ V> Tig + Vi + 4e” 15

This reaction is protective for the substrate and is part of the re-
passivation process of the passive film. If the cationic vacancies at the
interface between the metal and the passive film are completely
consumed by this annihilation reaction, the substrate exhibits re-
passivation, at which time the pitting is meta-stable. However, when
such cationic vacancies are not completely annihilated, the excess va-
cancies aggregate to form irreversible voids, leading to the localized
dissolution of the passive film and the formation of stable pitting. In
conjunction with pitting data presented in Fig. 6, pits on pure Ti surfaces
were in a steady state mode in the presence of S. algae. Hence, the large
amount of pitting defects caused by S. algae were not completely elim-
inated, ultimately resulting in irreversible passive film damage and
ongoing pitting corrosion of the Ti surface.

The point defect density of passive film (Fig. 9), the iy value
(Fig. 4d) and the pitting degree (Fig. 6) of pure Ti in four conditions
corroborated in the same order; and they were in the opposite order to
the Rp value (Fig. 4b), R value (Fig. 5i), passive film thickness (Fig. 7)
and TiO, ratio (Fig. 8). All the data together indicated that S. algae
accelerated the corrosion of pure Ti by destroying the passive film, while
the repairing effect of oxygen on passive film reduced the corrosion rate.

3.5. Effect of DO on the EET-MIC of S. algae

In addition to the effect of DO and microorganisms on metal, the
effect of DO on the living activities of S. algae also influenced the EET-
MIC process[20]. Shewanella spp. have a diverse range of electron
transfer mechanisms: they can directly acquire electrons from metal via
terminal reductases and outer membrane c-type cytochrome proteins
with redox activity; they utilize electrically conductive pili for
long-distance electron transfer processes [76]; and they can secrete
electron shuttles such as riboflavin, flavin adenine dinucleotide (FAD),
and flavin mononucleotide (FMN) to accomplish the mediated electron
transfer [76-79]. In order to clarify the influence of DO on various gene
expression levels within the cell, high-throughput RNA sequencing was
performed. According to the volcano plot for the transcriptome data in
Fig. 10, eight genes were significantly overexpressed under anaerobic
conditions among the nine differentially expressed genes related to EET.
As listed in Table 1. the overexpressed genes are involved in various
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Fig. 10. Volcano plot of transcription group. The experimental group is the
biofilm on coupons under anaerobic conditions, while the control group is the
biofilm on coupons under O,-saturated conditions. The horizontal coordinate is
loga(Fold Change) and the vertical coordinate is —log;o(p-value). The two
vertical dashed lines are the 2-fold expression difference thresholds; the hori-
zontal dashed line is the p-value of 0.05 threshold. Yellow dots indicate up-
regulated genes in this group, blue dots indicate down-regulated genes in this
group, and gray dots indicate non-significant differentially expressed genes. The
red squares mark the genes associated with EET and metal reduction.

Table 1
The function analysis of EET-related gene (marked in Fig. 10).

Plot Log, fold change gene function
1 1.78 Metal ion binding
2 1.48 Nanowires
3 1.41 Cytochrome-c
4 1.16 Metal ion binding (oxidation/reduction)
5 1.07 Metal ion binding
6 1.45 Cytochrome-c
7 1.33 Flavin binding
8 1.23 Metal ion binding
9 -1.03 Flavin binding

functions, including metal ion binding, nanowires, cytochrome-c, and
flavin binding, which are all associated with the ability of S. algae to
accommodate an EET process. The overexpressed EET-related genes
may lead to more severe damage to the passive film due to the existence
of S. algae [80,81]. When the passive film damage by S. algae occurred,
more intact surface area could serve as cathodic sites and some weak-
ened spots on Ti served as anodic sites where S. algae take in electrons
for nitrate respiration. Overexpressed EET genes facilitated S. algae to
enhance electron uptake from metals. Extensive damage to the passive
film led to exposure of the underlying Ti substrate, enhancing acquisi-
tion of electrons by S. algae directly from the substrate by EET, which
leads to severe corrosion of the Ti substrate.

3.6. Mechanistic diagrams

To compile the findings towards better understanding of the effect of
DO and S. algae on pure Ti, a mechanistic diagram is postulated in
Fig. 11. The mechanisms presented include the following:

(a) The oxygen vacancies (V') and cation vacancy (V%) are the
major point defect types in passive film of Ti. The chloride ions in
seawater provide more vacancy pairs in the passive film. Vacancy
condensation is formed by the accumulation of point defects
between the passive film and the substrate. However, pure Ti
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(a) The oxygen vacancies (V") and cation vacancy (V) are the major point
defect types in passive film of Ti. The Cl- in seawater bring more vacancy
pairs into passive film.
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(b) S. algae form dense biofilm on pure Ti under anaerobic condition. The
mechanism of corrosion acceleration is divided into two aspects: enrichment
of corrosive CI~ under biofilm; and direct electron uptake by S. algae from
matrix via EET. The passive film is destroyed and the irreversible pits are
formed.
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(c) Oxygen in solution can adsorb on the surface of passive film and occupy
the oxygen vacancies (V") to participate in the forming passive film, which
mitigate the damage caused by Cl".
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(d) Under oxygen saturation, S. algae prefer to grow in the medium and
hardly generate biofilms on pure Ti. The effect of oxygen on the corrosion
mechanism eliminate defects in passive film.

Fig. 11. Mechanistic diagrams showing the effect of DO and S. algae on corrosion of commercially pure Ti.

exhibited good overall corrosion resistance due to the protective 4. Conclusions
power of the passive film.

(b) S. algae formed a dense biofilm on pure Ti under anaerobic con- In conclusion, as the depth increases in a marine environment, the
dition. The mechanism of corrosion acceleration is divided into DOC reduces and the environment changes from an Oy-saturated state to
two aspects. On one hand, S. algae altered the corrosive envi- an anaerobic state and the following effects can be deduced from the
ronment: S. algae biofilm caused enrichment of corrosive chloride current study:
ions, and the synergistic effect of S. algae on chloride ions
accelerated corrosion. On the other hand, various EET-related (1) S. algae accelerated the corrosion rate and increased the pitting
genes were over-expressed under anaerobic conditions. Thus, susceptibility of pure Ti in both oxygen saturated and anaerobic
the electron transfer efficiency between S. algae and pure Ti was environments. The Gumbel distribution of pit depths indicated
increased. The TiO; content in the passive film was lowest under that the S. algae biofilm induced a new corrosion mechanism.
anaerobic condition (Fig. 8g, h), and the damage of passive film Accelerated corrosion was caused by the degradation of the
by S. algae induced a higher defect density (Fig. 9g, h) and more passive film, which was indicated by the reduced thickness and
severe corrosion (Figs. 4-6). TiO, content, as well as the increased defect density.

(c) Oxygen in solution can adsorb on the surface of passive film and (2) High DOC favored the passivation behavior of Ti, resulting in a
occupy oxygen vacancies (V') to participate in the passive film lower corrosion rate and pitting susceptibility. Oxygen promoted
formation, which mitigate the damage caused by chloride ions. the re-passivation process to enhance the thickness of passive film
Therefore, the passive film showed higher TiO, content (Fig. 8) with a higher proportion of TiO, and lower defect density.
and lower defect density in the presence of oxygen (Fig. 9). However, the destructive effect of S. algae was stronger than the

(d) Under oxygen saturation, S. algae prefer to grow in the medium protective effect of high DOC.

(Fig. 3b) and hardly generate biofilms on pure Ti (Fig. 1a, b). (3) The Point Defect Model was used to analyze the performance of
Oxygen acted as preferential electron acceptor in the aerobic the passive film. The passive film of Ti is n-type semiconductor. A
environment and was reduced to OH™, so the pH value of aerobic high DOC was favorable to the occupancy of oxygen vacancies,
environment was higher (Fig. 3a). The damage of the passive film while S. algae increased the production of Schottky defective
was reduced, resulting in the lower corrosion rate. pairs by synergizing with chloride ions.
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(4) The EET-related genes of S. algae were overexpressed under
anaerobic conditions. The absence of oxygen increased the EET-
MIC rate of S. algae on pure Ti.
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