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Abstract: Corrosion is a severe problem for steel structures in humid environments. In particular,
humidity usually triggers the surface adhesion of microorganisms, leading to microbiologically
induced corrosion. This study aims to explore the effect of bacterial biofilm formation on the pitting
corrosion of stainless steel. This research uses electrochemical methods to obtain indirect evidence of
the pitting corrosion of steel. In addition, in order to obtain direct evidence of the pitting corrosion of
stainless steel, field emission scanning electron microscopy (FESEM) and atomic force microscopy
(AFM) were used to characterize the dimensional morphology of the stainless steel after pitting.
It was shown that the bacterial adhesion increased with the pH and temperature, which significantly
increased the surface roughness of the stainless steel. Electrochemical analysis revealed that the
formation of biofilm greatly destroyed the oxide film of 304 SS and accelerated the corrosion of
stainless steel by forming an oxygen concentration battery. SEM and AFM analyses showed cracks
and dislocations on the surface of stainless steel underneath the attached bacteria, which suggested
a direct role of biofilm in corrosion induction. The results presented here show that the bacterial
biofilm formation on the steel surfaces significantly accelerated the corrosion and affected the pitting
corrosion process of the steel structure.

Keywords: microbiologically induced corrosion; pitting corrosion; electrochemical testing; steel structure;
SEM; AFM

1. Introduction

Corrosion has long been a major concern for steel structures. In some harsh environments—for
instance, in humid service environments—microorganisms attach easily to steel surfaces and develop
highly organized communities known as biofilms [1-3]. Humidity has been one of the major concerns
for the maintenance of steel-structured high-voltage transmission line towers in southern China.
Biofilm formation is a multi-stage process, with the adhesion of microorganisms such as bacteria
as one of the most important steps [4]. Depending upon where they grow, these bacteria can
be beneficial to wastewater treatment [5] or troublesome in biomaterial-related infections [6] and
engineering equipment fouling and corrosion [7]. In humid environments, the attachment of bacteria
will significantly affect the corrosion of materials [8,9], and pitting corrosion is one of the main means
of damage [10]. It is not surprising that microbiological effects are of significant concern in failure
analysis and prevention. Microbially induced corrosion problems afflict water-handling operations
and manufacturing processes in oil and gas production, pipelining, refining, petrochemical synthesis,
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power production, fermentation, waste water treatment, drinking water supply, pulp and paper
making, and other industrial sectors. Microbially induced corrosion is also a concern whenever metals
are exposed directly to the environment in applications including marine or buried piping, storage
tanks, ships, nuclear waste containers, pilings, marine platforms, and so on.

Many studies have reported the effects of bacterial attachment on the pitting corrosion of metallic
materials in humid environments [11,12]. The causes of pitting corrosion can be divided into four
categories: physical factors, chemical factors, biological factors, and metallurgical factors [13]. Corrosive
ions such as Cl™ and organisms act as chemical and biological factors for the pitting corrosion of
metallic materials. Especially for steels [14], their physical and chemical properties are severely affected
by fouling organisms attached to their surfaces [15,16]. The role of bacteria in the pitting corrosion of
steels has been a concern of researchers. Yin et al. [17] studied the possible mechanism of accelerated
pitting corrosion in 303 stainless steel by Vibrio natriegens. It was found that the fixation of nitrogen
by this bacterium promoted the pitting corrosion of 303 stainless steel, where the effect of ammonia
was negligible. Xu et al. [18] investigated the role of Pseudomonas aeruginosa in the pitting process of
2205 duplex stainless steel. Their results showed that Pseudomonas aeruginosa produced soluble CrO3
on the surface of the duplex stainless steel, which accelerated the dissolution of the passivation film,
in turn contributing to pitting corrosion. Moreover, simulation models were also proposed to study
crucial factors affecting the corrosion process [19]. However, there is still a lack of knowledge on the
mechanisms of the pitting process by fouling microorganisms on steel.

Electrochemical methods have been widely used as an indirect measurement technique to study
pitting corrosion. For example, Igual Mufioz et al. [20] studied the effect of bromide concentration
and the presence of chromate in solution on the pitting behavior of 2205 duplex stainless steel using
cyclic polarization curves and impedance measurements. Their results showed that the pitting
potential increased with the increase in the lithium bromide concentration in a semi-logarithmic
decreasing trend, suggesting that the addition of bromide reduced the pitting corrosion ability
of the chromate on the stainless steel. While electrochemical studies can be used to investigate
pitting corrosion, these approaches cannot be used to study and identify microscale pit features [21].
Recently, scanning electron microscopy (SEM) has been used to characterize the morphology of single
pits and the growth of pits based on the corrosion morphology. Zhu et al. [22] investigated the influence
of additives on the pitting process of 2024-T3 aluminum alloy in a neutral sodium chloride solution
using SEM. It was found that bis-[3-(triethoxysilyl) Propyl] tetrasulfide inhibited the pitting corrosion
of the aluminum alloy. Pidaparti et al. [23] studied the pitting/cracking of nickel-aluminum bronze alloy
in a composite corrosive environment comprised of ammonia and artificial seawater. More recently,
AFM observation was used to study the characteristic features of the pitting process. Pan et al. [24]
conducted an in situ AFM observation of the pitting corrosion behavior of 304 stainless steel and its
nanocrystallization thin films in 3.5% NaCl solution, indicating that nanocrystallization changed the
geometry and growth mechanism of stable pits. Zhang et al. [25] investigated the pitting corrosion
behavior of 304 stainless steel in 3.5% NaCl solution with the in situ AFM method. The results showed
that pitting corrosion products played a major role in promoting the growth of pits. Yet, there are
limited studies of pitting corrosion that utilize a combined method of electrochemical testing and direct
observation (including SEM and AFM) [26,27].

Pitting corrosion is a long process for stainless steel in humid environments, however
most researchers have focused on the effect of microorganisms on the pitting of materials
within 30 days [8,9,28]. Long-term data of the high-voltage transmission line tower caused by the
microbiologically induced corrosion is yet lacking. In this study, we investigated the effects of different
environmental factors—including pH, temperature, and culture age (90 days)—which directly affect
the extent of the initial adhesion of typical bacteria and bacterial biofilm formation. The indirect
evidence of the effect of Bacillus sp. biofilm formation on the pitting of the steel was analyzed using
an electrochemical method. Moreover, the pitting morphology of the steel surfaces was observed
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through SEM and AFM images to provide direct evidence of the impact of bacterial biofilm on the
pitting corrosion.

2. Materials and Methods

A typical bacteria Bacillus sp. strain (MCCC1A00791) was used in this study. The culture medium
for the Bacillus sp. was prepared by dissolving 1 g of yeast extract and 5 g of peptone in 1000 mL of
artificial sea water (ASW), which modelled the typical humid environments in most places of southern
China close to the sea. The bacteria suspension was shaken at 30 °C for 24 h. The inoculated medium of
Bacillus sp. was prepared with a density of 10° cells/mL by dilution at 30 °C under aerobic conditions.

304 stainless steel (304 SS) plates (10 mm X 10 mm X 2 mm) were typically used as the substrates
in this study. The substrates were polished to a mirror finish, followed by a brief rinsing with distilled
water, and cleaning ultrasonically in acetone. Prior to performing the corrosion testing, the samples
were sterilized with 75% ethanol and UV light for 1 h. All the tests were carried out in ASW. Peptone
at 3.0 g/L was added to ASW as carbon and energy sources for the bacteria and sterilized at 121 °C for
20 min. The culture media were refreshed every 2 days. To investigate the effect of pH on the bacterial
attachment, the media were adjusted to a pH of 4.5, 7, and 9. In order to study the effect of the culture
temperature, the inoculated media was grown at 4, 20, and 30 °C.

A field emission scanning electron microscope (FESEM, FEI Quanta FEG 250, Amsterdam,
The Netherlands) was used to characterize the morphology of the surface of the 304 SS specimens
and identify any unique features that appeared after exposure to the bacterial media. The energy of
the accelerator beam used was 5 kV. A confocal laser scanning microscope (CLSM) (Leica TCS SP5 11,
Wetzlar, Germany) was utilized to observe the bacterial attachment and obtain images of the biofilm
on the 304 SS surfaces. After incubation, the samples were rinsed with distilled water three times
to remove the bacteria that did not adhere to the samples, which was followed by fixation in 2.5%
glutaraldehyde. Then, the samples were stained with 150 uL of propidium iodide (PI) for 30 min in the
dark, followed by three cycles of cleaning with PBS. The Z-stack technique was used to measure the
thickness of the biofilm. A Zeiss LSM 700 confocal laser scanning microscope was used to observe the
surface topography of the steel samples before and after their immersion in ASW media. To analyze
the biofilm and the pits that formed on the surface, AFM (DimensionTM 3100, Digital Instrument Inc.,
Veeco, Santa Barbara, CA, USA) in air was used in tapping mode (RTESP Silica cantilever, spring
constant: 40 N/m). To examine the extent of the biocorrosion of 304 SS, the biofilm on the substrate
was removed by ultrasonic cleaning with distilled water for 5 min and with 17% nitric acid for 2 min,
followed by rinsing with distilled water.

Electrochemical testing was conducted in a three-electrode cell system where a platinum plate
and a saturated calomel electrode (SCE) were used as the counter electrode and reference electrode,
respectively [28]. The samples with an exposed area of 1 cm? served as the working electrode. The steel
samples were immersed in clean ASW and also in ASW that contained bacteria, and incubated at 30 °C
in a shaker at 120 rpm. Cyclic potentiodynamic polarization (CPP) and electrochemical impedance
spectroscopy (EIS) spectra were obtained by a Solartron Modulab system (2100A, Solartron Electronic
Group, Leicester, UK). EIS measurements were achieved by applying an AC signal of 10 mV at a
frequency ranging from 100 kHz to 0.01 Hz. The obtained data were then analyzed using ZSimpWin
(version 3.30). The CPP curves were acquired by scanning the potential in the forward direction with
a scanning rate of 0.5 mV/s from —500 to 900 mV. For the back scan, the potential was reversed to
complete the cycle test. Three samples were tested in each group to ensure reproducibility.

To examine the bacterial growth rate and the dissolved oxygen (DO) concentration, a 1.5 mL
bacteria suspension (108 Cells/mL) was added to 150 mL of medium and cultured at 30 °C in a shaker
at 120 rpm. The DO concentration was measured using a logging DO meter (HANNA instruments
HI2400, Limena, Italy). Optical density measurements were performed at different time points at
600 nm using a spectrophotometer (SpectraMAX 190, Molecular Devices™, San Jose, CA, USA).
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3. Results and Discussion

3.1. Surface Morphology and Bacterial Adhesion

In order to obtain the identical surface roughness of the steel in this study, the surfaces of the
304 SS were polished to a mirror finish, since surface topography is an important factor affecting the
bacterial attachment to surfaces prior to biofilm formation [29,30]. Previous studies have shown that
the colonization of microorganisms on surfaces nucleates on surface irregularities and grows from these
areas [31,32]. Figure 1 shows CLSM images of bacterial biofilm formed on the smooth 304 SS surfaces
after the different immersion periods. They show the coverage (Figure 1a) and thickness (Figure 1b) of
the Bacillus sp. biofilms. From the images, it can be seen that biofilm thickness increased over time,
and a uniform distribution of the bacterial cells on the smooth surface was observed. Paramonova et al.
found that, for microorganism biofilms less than 120 um thick, the CLSM method reliably measures
the biofilm thickness [33].

(b-1)

(b-2)

(b-3)

0 pum 250

Figure 1. CLSM images of Bacillus sp. biofilm formed on the steel surfaces after (a-1) 1 day, (a-2) 1 week,
and (a-3) 1 month and side view images of biofilm that show biofilm thickness after (b-1) 1 day,
(b-2) 1 week, and (b-3) 1 month.

The topographies of the smooth surfaces in the presence and absence of biofilms are shown in
Figure 2. The 304 SS average surface roughness (Ra) before and after the attachment of the bacteria
were 0.58 um (Figure 2a) and 6.30 um (Figure 2b), respectively. These results show that the surface
roughness increased significantly after the biofilm formation on the smooth surface.
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Figure 2. Surface topography of the steel plates (a) with and (b) without Bacillus sp. biofilm formation.

Bacterial adhesion may be significantly affected by the pH of the solution in which the steel
substrates are immersed. As shown in Figure 3a, there were only a few bacteria that adhered to the
substrate at a pH of 4.5, and few bacteria were observed on the substrate at a pH of 7; however, there was
a dense accumulation and adhesion of the bacteria on the substrate at a pH of 9. These results suggest
that the change in bacterial adhesion at different pHs was likely due to the ionization of the functional
groups of Bacillus sp., such as carboxyl and amino groups [34]. The electrostatic forces between the
Bacillus sp. and the 304 SS surface were relatively weak at pH 4.5. At a pH of 7, the appearance of
negatively charged carboxyl groups increased the electrostatic force of attraction between 304 SS and
Bacillus sp., resulting in greater adhesion. The adhesion increased further at a pH of 9 compared to that
at a pH of 7 (Figure 3(a—3)). In this study, except for pH, it was also found that the temperature of the
culture solution affects the bacterial adhesion. In different seasons and regions, the temperature of
seawater varies greatly, generally varying from —1 to 30 °C [35]. To optimize the culture temperature
for bacterial adhesion, this study has conducted bacterial adhesion tests at different temperatures.
From Figure 3b, it is observed that Bacillus sp. produced a biofilm that contained only sparse clusters of
cells at 4 °C (Figure 3(b-1)). This was probably due to the lower growth rate of the bacteria under
low temperatures. However, at both 20 and 30 °C (Figure 3(b-2,b-3)), the biofilm showed a relatively
complex 3D structure, consisting of dense aggregates of Bacillus sp. held together by an extracellular
matrix. Thus, the temperature of 30 °C was chosen for the following Bacillus sp.-induced pitting
corrosion experiments.
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Figure 3. SEM images of the attached Bacillus sp. in different (a) pHs and (b) at different temperatures
on the steel surface: (a-1) pH = 4.5, (a-2) pH = 7, and (a-3) pH = 9; (b-1) at 4 °C, (b-2) 20 °C,
and (b-3) 30 °C.

3.2. Electrochemical Analysis

The Nyquist plots for the corrosion of the 304 SS with and without exposure to Bacillus sp. during
the study after 90 days of immersion are shown in Figure 4a. In the presence of bacteria, the charge
transfer resistance (R.) value was 212.5 kQ-cm?, compared to that of the control in clean ASW of
7355 kQ-cm? after 90 days. From a previous study [28], the R values were 1246 and 2195 kQ)-cm? after
7 and 30 days of immersion, compared to those of the control in clean ASW of 3733 and 6908 kQ-cm?.
By comparing the R data of 316 SS, interestingly, in the presence of bacteria, the R, of 304 SS increased
first and then greatly decreased. The R increased in the presence of bacteria after 30 days of exposure
because biofilm formed on the metal surface. This was likely due to the fact that the biofilms interrupted
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the flow of ions and oxygen and the biofilm acted as a protective coating to prevent corrosion. However,
extended soaking for up to 90 days greatly reduced the R to 212.5 kQ-cm?, which was only about one
tenth of that of the sample after 30 days exposure. The result indicates that the oxide film of 304 SS was
greatly destroyed, and the bacteria accelerated the corrosion of stainless steel. This could have been
due to the biofilm preventing oxygen from diffusing to the surface of stainless steel, causing internal
and external differences in the oxygen concentration and thereby forming an oxygen concentration
battery, which accelerated the corrosion of stainless steel. Therefore, the R value decreased after
90 days of exposure. However, in clean ASW solution (control), the Ry value increased with the
increasing exposure time, since thin oxide layers were formed by passivation on the 304 SS surface,
and these oxide layers protect alloys from aggressive media such as chlorides. In the inoculated
solution, the decrease in resistance, R, indicates that the oxide film on the surfaces is not stable in
the presence of Bacillus sp. bacteria. This was likely due to bacteria destroying the passivation film
and accelerating the pitting of stainless steel in sensitized areas, such as at grain boundaries where
elements such as chromium (Cr) were dissolved and consumed, eventually causing stainless steel to
fail [36]. This failure is also expected, since 304 SS alloys are vulnerable to pitting in seawater that
contains Bacillus sp. Therefore, the weakness of the passive film at Cr-depleted regions renders the
passive film in such regions less effective at protecting the underlying steel substrate and results in
film breakdown and the initiation of localized corrosion [37]. In this study, to further investigate the
effect of Bacillus sp. adhesion on the pitting corrosion of 304 SS by, the immersion time was extended to
90 days and cyclic polarization was also used to determine the change in the corrosion and pitting
mechanism of the metal surface in the presence of Bacillus sp. (Figure 4b). It has been suggested that the
tendency toward pitting may be determined by the feature of the hysteresis loop [38]. In the absence of
Bacillus sp., 304 SS has noticeable negative hysteresis, which suggests that pitting corrosion is not likely
to occur. However, the positive hysteresis in the presence of bacteria indicates that 304 SS surfaces are
susceptible to pitting (Figure 4b).

(a)ﬁﬂo L —=— SS-basillus sp. (b) 0.8F
— —=&— SS-sterile 1
“= 500f o 04
g
[3) o
= 400+ @ 0.0F
£ -
L »
:‘3 0 S 04
= 200 ;
N -0.8F =
N: 100 F —!—SS-bucillus P =
0 5 , , . . -1.2 f—=—SS-sterile ) :
0 20 40 60 ? 80 100 -9 -8 -7 -6 2 -5 -4 -3
Z'(k.ohm.cm”) log i (A/em”)

Figure 4. (a) Nyquist plots and (b) potentiodynamic polarization curves of the steel samples tested in the
ASW with (Bacillus sp.) and without (sterile) the bacteria after 90 days of exposure. SS: the steel plates.

To understand better the effect of Bacillus sp. biofilm formation on the corrosion behavior of 304 SS,
the dissolved oxygen (DO,) in the solution that contained bacteria was investigated. Figure 5 shows the
variation in the DO, concentration and Bacillus sp. growth during 6 h of incubation. The concentration
of bacteria in the solution increased with time. The dissolved oxygen was consumed by Bacillus sp.
and the O, concentration decreased to its lowest value (0.03 mg/L) after approximately 600 min of
exposure. Biofilm inhibits oxygen diffusion towards the metallic surface [39], decreasing the cathodic
reaction, and it will cause an inhibition of corrosion initially. It was reported that the bacteria tend
to inhibit the corrosion of stainless steel in a short period [28]. However, as the exposure time was
extended, this would form an oxygen concentration battery, resulting in the accelerated corrosion of
stainless steel.
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Figure 5. The variation in the dissolved oxygen concentration (mg/L) and ODggonm, (the absorbance
of bacterial solution at 600 nm) (as a growth rate) in the bacterial solution versus time at 30 °C and
120 rpm speed. During the first 600 min of incubation, the oxygen concentrations were significantly
decreased and reached their lowest value at 600 min of exposure; meanwhile, the ODgynm value was
incrementally increased from 0.001 to 0.06 and stayed stable.

3.3. Direct Observation of Bacteria-Induced Pitting Corrosion

Although electrochemical testing can be used to examine pitting, these approaches cannot be
used to study microscale pit features [21]. In this study, direct observation, including SEM and AFM,
was also performed to investigate the effect of biofilm on the pitting corrosion. The SEM analysis
showed that cracks and dislocations were clearly observed on the metal surface after the removal of

the biofilm (Figure 6a,b).

]

i

Figure 6. SEM images of the steel surfaces (a) before and (b) after removing the biofilm and corrosion
by-products. These surfaces were initially exposed to artificial seawater containing Bacillus sp. for

90 days. Afterwards, the biofilm and corrosion by-products were removed from the surface.

To obtain detailed information of the effect of Bacillus sp. adhesion on the 304 SS surface,
AFM observation was performed in this study. AFM images of the 304 SS exposed for 90 days to
ASW that contained bacteria are shown in Figure 7. Interestingly, the AFM images before and after
removing the biofilm from the 304 SS surface showed a direct correlation between the bacterial cells
and underlying pits (Figure 7a,b) on the 304 SS surface. The shape and size of the pits on the steel
surface are similar to those of the Bacillus sp. cell. This result suggests a direct role of Bacillus sp.
on the pit initiation on the 304 SS surface. A similar result was also reported for Desulfovibrio (D.)

desulfuricans [40].
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Figure 7. AFM topographical images of the steel plates after incubation for 90 days in the ASW
(a) before and (b) after the removal of the biofilm that demonstrates the obvious pitting of the steel
samples after the removal of the bacterial biofilm.

4. Conclusions

To simplify the study of the microbiologically induced corrosion of steel structures of high-voltage
transmission line towers installed in humid environments, the attachment behaviors of a typical
bacterium Bacillus sp. and the subsequent formation of bacterial biofilms on the steel surface were
investigated. The effect of biofilm formation on the pitting corrosion of the steel surface was studied
by indirect and direct methods. The adhesion of bacterium Bacillus sp. to the 304 SS surfaces is
strongly influenced by physical and chemical parameters, including pH, temperature, and culture
age. Indirect evidence from electrochemical measurements and direct evidence from SEM and AFM
indicate that the adhesion of Bacillus sp. to metal surfaces significantly accelerated the corrosion
process of 304 SS after long-term exposure (90 days) to the bacterium. Thus, the initial pitting corrosion
influenced by biofilm formation can be obtained using indirect and direct methods. The results can
give insight into the understanding and effective control of microbiologically induced corrosion of the
steel structures of high-voltage transmission line towers.
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