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A systematic comparison study was carried out to investigate the effect of
Flavobacterium sp. on AISI 1045 steel corrosion by weight loss, fluorescence
microscopy (FM), surface analysis, cell count, pH measure, electrochemical impedance
spectroscopy (EIS), and polarization curves. The impedances were considerably
increased by Flavobacterium sp. between 1 and 7 day exposure and after 30 day
exposure but considerably decreased by Flavobacterium sp. after 15 and 21 day
exposure, which were supported by the leor results and the weight loss data.
Furthermore, the biofilm was formed on the coupons. The pH values were considerably
decreased by Flavobacterium sp. after 15 and 21 day exposure. The results proved
that Flavobacterium sp. decreased the corrosion rates between 1 and 7 day exposure
and after 30 day exposure and increased the corrosion rates between 15 and
21 day exposure, which could be ascribed to the protective biofilm and the secreted
corrosive acid, respectively. In addition, Flavobacterium sp. considerably increased the
pit numbers, the maximum pit depths, and the corresponding widths and considerably
decreased the Epi values. Importantly, the coverage and the heterogeneity of the
biofilm were positively correlated with the increases in the maximum pit depths and
the corresponding widths and the decreases in the Ep;; values by Flavobacterium sp.
The results demonstrated that Flavobacterium sp. increased the pitting corrosion, which
could involve the heterogeneous biofilm cover.

Keywords: Flavobacterium sp., AlSI 1045 steel, corrosion, seawater, biofilm

INTRODUCTION

Ocean is a continuous vast body of salt water that covers more than 70% of the surface of the
earth. It is home to abundant biological, mineral, and energy resources. The ocean explorations
and exploitations like the ocean investigation, the ocean transportation, and the offshore oil and
gas industries are now proceeding rapidly (Bhandari et al., 2015). More and more marine facilities
such as ports, bridges, offshore platforms, ships, and submarine pipelines have been built. Steels
are the fundamental construction materials of these marine structures (Cook, 2005). However,
seawater contains numerous microorganisms and a number of corrosive matters like oxygen,
hydrion, chloridion, and so on (Page, 1975; Li X. et al., 2017; Jin et al., 2019). The steels exposed in
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seawater are prone to corrosion due to the reactions between
the steels and the corrosive matters (Melchers and Jeffrey, 2008;
Popoola et al., 2013). It is worth noting that microorganisms can
colonize on the surface of metals and form biofilms and change
the distributions of the corrosive matters in the environment of
metals (Voordouw et al., 2016; Hu et al., 2019; Dong et al., 2020).
Consequently, many microorganisms can lead to the corrosion
of metals, i.e., microbiologically influenced corrosion (MIC). The
steels exposed in seawater are especially susceptible to MIC.

Studies have revealed many microorganisms related to MIC.
Sulfate reducing bacteria (SRB) constitute an important group of
corrosive bacteria (Li et al., 2018). They induce corrosion through
oxidizing hydrogen at the cathodes of galvanic corrosion cells or
directly oxidizing ferrum with sulfate as terminal oxidant (Dou
et al,, 2018; Gu et al., 2019). Desulfovibrio vulgaris increased the
corrosion rates and the pitting corrosion of C1010 carbon steel
(Chen etal., 2015), two aluminum alloys (Liu et al., 2014), copper
(Jayaraman et al., 1999), and seven stainless steels (Ringas and
Robinson, 1988). The mixture of Desulfovibrio gabonensis and
Desulfovibrio capillatus accelerated the corrosion of SAE-1018
carbon steel (Castaneda and Benetton, 2008). Desulfotomaculum
nigrificans considerably promoted both the general corrosion
and localized corrosion of Q235 carbon steel (Liu et al., 2019).
More importantly, SRB have been reported to be responsible
for the corrosion deterioration of oil, power generation and
marine industries, cooling water systems, etc. (Ilhan-Sungur and
Cotuk, 2010; Guan et al., 2013; Li Y. et al., 2016). Pseudomonas
is the most prevalent bacterial genus in marine environment
(Yuan et al., 2008). So far, it is well known that some species
of Pseudomonas are corrosive. Pseudomonas sp. enhanced the
corrosion rate and the pitting corrosion of AISI 1045 steel and
further reduced the tensile strength of the steel (Wu et al., 2012).
Pseudomonas aeruginosa induced the corrosion of 2205 duplex
stainless steel (Xu et al., 2017; Zhao et al., 2017), 2304 duplex
stainless steel (Zhou et al., 2018), the nickel-free high nitrogen
stainless steel (Li H. et al.,, 2016), and S32654 super austenitic
stainless steel (Li H. et al., 2017). The presence of Pseudomonas
fluorescens promoted the electrochemical reaction on single-
phase Cu-Sn modern bronze, and led to pitting corrosion
underneath the biofilm (Ghiara et al., 2018). Iron oxidizing
bacteria (IOB) are another group of corrosive bacteria, which
increase corrosion reaction by oxidizing ferrous ion to ferric
ion (Chen et al., 2019). Sphaerotilus sp. strongly accelerated
the pitting corrosion of AISI 1020 steel (Starosvetsky et al.,
2001). Acidithiobacillus ferrooxidans in seawater accelerated the
corrosion rate of C1010 steel and caused pitting corrosion
(Wang H. et al, 2014). Although most studies showed that
microorganisms promoted corrosion, some reports revealed
the different results. Hernandez et al. (1994) reported that
Pseudomonas sp. S9 could inhibit the corrosion of mild steel.
Additionally, Desulfovibrio sp. inhibited the corrosion of SAE
1018 carbon steel for some time, but it became quite corrosive
to the steel at longer times (Pérez et al., 2007).

Flavobacterium is ubiquitous in ocean (Abell and Bowman,
2005; Pesciaroli et al., 2012). Our previous work showed that
when the exposure time was 365 days, the average corrosion rate
of AISI 1045 steel exposed in natural seawater was about 2.1 times

that of the steel exposed in sterile seawater and the content of
Flavobacterium sp. in the corrosion products was much higher
than those of the other bacteria in the corrosion products (Xiao,
2011), suggesting that Flavobacterium sp. might increase the steel
corrosion greatly. However, very little is known about the effect
of Flavobacterium sp. on the corrosion of metals. Moreover, AISI
1045 steel is widely used in marine structures for its low cost and
excellent mechanical properties such as outstanding hardness and
toughness, etc. (OrjuelaG et al.,, 2014). In this work, we carried
out a systematic comparison of the corrosion of AISI 1045 steel
exposed in sterile seawater and Flavobacterium sp. inoculated
seawater by weight loss, fluorescence microscopy (FM), surface
analysis, cell count, pH measure, electrochemical impedance
spectroscopy (EIS), and polarization curves.

EXPERIMENTS

Material

AISI 1045 steel purchased from Qigihar Hongshun Heavy
Industry Group Co. Ltd. (China) has the following composition
(wt.%): 98.582 Fe, 0.499 C, 0.596 Mn, 0.230 Si, 0.028 S, 0.012
P, 0.006 Ni, 0.020 Cr, 0.001 Mo, 0.001 Nb, 0.014 Cu, 0.003 W,
0.003 Al, 0.004 V, 0.001 Ti. The carbon steel coupons with
the dimensions of 50 x 25 x 3 mm, 15 x 10 x 3 mm, and
®10 x 3 mm were used in weight loss, surface analysis, and
electrochemical measurement, respectively. The coupons were
sequentially abraded with 120, 400, 800, 1200, and 1500 grit
SiC paper to obtain smooth surfaces. Then, they were degreased
with acetone, rinsed with distilled water and ethanol, dried in
air aseptically. Subsequently, all the coupons were kept in a
desiccator before the measurement.

Culture of Flavobacterium sp.

The Flavobacterium sp. used in this study was separated from the
corrosion products of AISI 1045 steel exposed in nature seawater
for 12 months. Flavobacterium sp. was cultured at 26°C for 2 days
in 2216E medium, which contained 1 g yeast extract, 5 g peptone,
and 1000 mL natural seawater. The pH of medium was adjusted
to 7.8 with 1 M NaOH solution and the medium was sterilized in
an autoclave at 121°C for 20 min before use; 20 mL of the bacterial
culture solution was mixed with 2000 mL of sterile seawater. The
mixture was cultured at 26°C for 24 h. The prepared coupons
were exposed in Flavobacterium sp. inoculated seawater and
sterile seawater at 26°C. The pH values of sterile seawater and
Flavobacterium sp. inoculated seawater were measured by a pH-
meter after 3, 7, 15, 21, and 30 day exposure.

Weight Loss

Clarke’ s solution (antimonous oxide, 20 g; stannous chloride,
50 g; 36% hydrochloric acid, 1 L) was used to clean the coupon,
after which the coupon was rinsed with distilled water and
analytically pure ethanol. The weight loss was obtained after the
coupon had been dried. The average corrosion rate was calculated
using the following Eq. (1).

V(mm/a) = (K x W)/(A x T x D) (1)
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where V is the average corrosion rate, mm/a; W is the weight
loss of the coupon, g; K is 3.65 x 10%; A is the total area of the
coupon, cm?; T is the exposure time, day; and D is the density of
the coupon, g/cm®.

Fluorescence Microscopy

Fluorescence microscopy was applied to observe the changes
of the Flavobacterium sp. biofilm. After exposure, the coupon
was rinsed with phosphate buffer saline (PBS), and stained with
acridine orange (AO) for 5 min. The images were captured
under a fluorescence microscope (Mshot MF41). The biofilm
coverages were extracted from 20 random different images of
the coupon using the software V9.0. The heterogeneity of the
biofilm of the coupon was calculated using the following Eq. (2)
(Wang Z. et al., 2014).

N-—-1

H= 2)

where H is the heterogeneity of the biofilm of the coupon; N is the
quantity of the random different images of the coupon; §; is the
biofilm coverage of one image,%; S is the average biofilm coverage
of the images, i.e., the biofilm coverage of the coupon, %.

Surface Analysis

The surfaces of the coupons were observed by scanning electron
microscopy (SEM) (Hitachi S-4800) after 7, 15, and 30 day
exposure. The coupons were treated according to the previously
reported method (Yuan et al., 2008) with a minimum revision.
Briefly, the coupons were rinsed with PBS solution twice and
fixed in a 2.5 vol% PBS solution of glutaraldehyde for 8 h at 4°C,
and then they were washed twice with deionized water to remove
glutaraldehyde and dehydrated with 25, 50, 75, 90, 100 vol%
stepwise ethanol for 10 min each. At last, they were dried in an
airtight desiccator. To observe the corrosion morphology on the
underlying metal surfaces, the biofilm and the corrosion products
of the coupons were removed after 7, 15, and 30 day exposure,
according to the above method in weight loss. The maximum pit
depths and the corresponding widths were measured by 3D laser
scanning confocal microscopy (Keyence VK-X250K).

Cell Count

The living cells in Flavobacterium sp. inoculated seawater were
counted after 3, 7, 15, 21, and 30 day exposure; 10 mL of
Flavobacterium sp. inoculated seawater were serially diluted with
sterile seawater; 100 L solutions of the appropriate dilutions
were inoculated on solid medium and incubated at 26°C for 48 h.
Bacterial numbers were determined by the plate count.

Electrochemical Analysis

A PARSTAT 2273 electrochemical workstation (Princeton
Applied Research) with a three-electrode system was used
for the measurements of EIS and polarization curves. The
saturated calomel electrode (SCE) and the platinum electrode
were employed as the reference electrode and the counter
electrode, respectively. The working electrode was a coupon

encapsulated in epoxy with an end surface exposed and the
other end surface connected to a wire. The test solutions were
sterile seawater and Flavobacterium sp. inoculated seawater,
respectively. The test temperature was kept at 26°C. The EIS
was measured at the open circuit potential (OCP) with an
amplitude sinusoidal signal of 10 mV and the frequency range
of 0.005-100,000 Hz. The equivalent electrical circuits (EECs)
were determined using evaluator software (Zsimpwin). The
sweep of polarization curves was performed with a voltage
range from -1.4 to 0.4 V vs. SCE at a scan rate of 2.0 mV/s
to determine the corrosion potential (Ecory) and the corrosion
current density (Icorr).

RESULTS

Average Corrosion Rates

Figure 1 presents the average corrosion rates of AISI 1045 steel
after 3, 7, 15, 21, and 30 day exposure in sterile seawater and
Flavobacterium sp. inoculated seawater. The average corrosion
rate in sterile seawater slightly decreased from 3 to7 day
exposure and considerably decreased from 7 to 15 day exposure.
At last, it slightly decreased from 15 to 21 day exposure
and 21 to 30 day exposure. The average corrosion rate in
Flavobacterium sp. inoculated seawater decreased from 3 to
7 day exposure, considerably increased from 7 to 15 day
exposure and slightly decreased from 15 to 21 day exposure.
Subsequently, it considerably decreased from 21 to 30 day
exposure and reached a slightly lower level than that after
30 day exposure in sterile seawater. The average corrosion rates
in Flavobacterium sp. inoculated seawater were considerably
lower than the corresponding ones in sterile seawater after 3
and 7 day exposure. However, the average corrosion rates in
Flavobacterium sp. inoculated seawater were considerably higher

0.06
[ sterile seawater
005k 1 Flavobacterium sp. inoculated seawater
©
€ 004 £ —E
& E3 I
(]
® 0.03 -
C
K]
g 0.02 -
153
@]
0.01
0.00
3 7 15 21 30
Time (day)
FIGURE 1 | The average corrosion rates of AlS| 1045 steel exposed in sterile
seawater and Flavobacterium sp. inoculated seawater for the different times.
The error bars represent the standard deviations of the six tests.
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than the corresponding ones in sterile seawater after 15 and
21 day exposure.

Fluorescence Microscopy

The Flavobacterium sp. biofilm on the coupons were presented
by FM after 3, 7, 15, 21, and 30 day exposure (Figures 2A-E).
Sparse Flavobacterium sp. cells attached to the coupon surface
dispersedly and only two tiny cell clusters were distinguished
after 3 day exposure (Figure 2A). After 7 day exposure,
some bacterial cells clustered on the coupon surface and
sparse ones distributed around (Figure 2B). With the exposure
time increasing, more Flavobacterium sp. cells accumulated to
form bigger and denser colonies, besides a small number of
cells still distributed around (Figures 2C-E). Especially, the
biggest and densest cell colony was detected after 30 day
exposure (Figure 2E). Accordingly, the coverage and the
heterogeneity of the biofilm increased with exposure time.

Meanwhile, they considerably increased from 7 to 15 day
exposure (Figures 2E,G).

Surface Analysis

The surface morphology of the coupons after 7, 15, and 30 day
exposure showed that the corrosion products film covered
the coupons exposed in sterile seawater (Figures 3A-C) and
the biofilm/the corrosion products film covered the coupons
exposed in Flavobacterium sp. inoculated seawater (Figures 3D-
G). In sterile seawater, the corrosion scales were lumpy
and many corrosion tubercles formed (Figures 3A-C). The
amount of the corrosion products increased with exposure time
(Figures 3A-C). In Flavobacterium sp. inoculated seawater, some
Flavobacterium sp. cells adhered with the corrosion products
to the coupon surface after 7 day exposure (Figure 3D). More
and denser cells accumulated in the corrosion products on the
coupons after 15 day exposure (Figure 3E). The quantity and

o
[=3
[}

Heterogeneity (H)
o
=

A f]

15 21 30
Time (day)

standard deviations of the six tests.

FIGURE 2 | Fluorescence images of bacterial cells attaching to the coupons exposed in Flavobacterium sp. inoculated seawater for 3 (A), 7 (B), 15 (C), 21 (D), and
30 days (E) and the coverages of the biofim (F) and the heterogeneities of the biofim (G) after 3, 7, 15, 21, and 30 day exposure. The error bars represent the

Coverage (S), %

3 7 15 21 30
Time (day)
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FIGURE 3 | The SEM images of the surface morphology of the AISI 1045 steel coupons after 7 (A), 15 (B), and 30 day exposure in sterile seawater (C) and 7 (D),
15 (E), and 30 day exposure in Flavobacterium sp. inoculated seawater (F,G).

the density of cells reached the maximum after 30 day exposure sp. inoculated seawater for 7, 15, and 30 days, the pit number
(Figures 3EG). also increased with the exposure time and the pit numbers were

For the coupons exposed in sterile seawater for 7, 15, and  considerably higher than the corresponding ones of the coupons
30 days, the pit number increased with the exposure time exposed in sterile seawater (Figures 4A-F). The maximum pit
(Figures 4A-C). For the coupons exposed in Flavobacterium depths were 5.39, 10.27, and 11.25 pm with the widths of

FIGURE 4 | The SEM images of the metal surface corrosion morphology after the removal of the corrosion products and the biofilm from the coupons after 7 (A), 15
(B), and 30 day exposure in sterile seawater (C) and 7 (D), 15 (E), and 30 day exposure in Flavobacterium sp. inoculated seawater (F).
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FIGURE 5 | The maximum pit depths and the corresponding widths of the coupons after 7 (A), 15 (B), and 30 day exposure in sterile seawater (C) and 7 (D), 15
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32.62, 40.19, and 43.88 wm after 7, 15, and 30 day exposure in
sterile seawater, respectively (Figures 5A-C). After 7, 15, and
30 day exposure in Flavobacterium sp. inoculated seawater, the
maximum pit depths were 11.04, 17.05, and 20.38 pm, increasing
by 5.65, 6.78, and 9.13 wm against the corresponding ones in
sterile seawater, respectively (Figures 5A-F). The corresponding
widths were 34.95, 47.76, and 78.05 pm, growing by 2.33, 7.57,
and 34.17 pwm against the corresponding ones in sterile seawater,
respectively (Figures 5A-F).

Cell Count

Figure 6 shows that the cell number in Flavobacterium sp.
inoculated seawater changed with exposure time. It slightly
increased from 3 to 7 day exposure and considerably increased
from 7 to 15 day exposure. It then considerably decreased from
15 to 21 day exposure and 21 to 30 day exposure.

pH Analysis

Figure 7 presents the pH values in the two seawaters after 3, 7,
15, 21, and 30 day exposure. The pH values in sterile seawater
stayed at the similar levels around 8.0 after 3, 7, 15, 21, and

30 day exposure. In Flavobacterium sp. inoculated seawater, the
pH values were only slightly lower than the corresponding ones
in sterile seawater after 3, 7, and 30 day exposure and considerably
lower than the corresponding ones in sterile seawater after 15 and
21 day exposure. In addition, the pH value in Flavobacterium sp.
inoculated seawater slightly decreased from 3 to 7 day exposure
and considerably decreased from 7 to 15 day exposure. Then it
considerably increased from 15 to 21 day exposure and 21 to
30 day exposure.

EIS Analysis

Electrochemical measurement is an efficient and fast method
characterizing the transient electrochemical reactions occurring
among metal surface, corrosion products, and biofilm (Mansfeld
and Little, 1991). The EIS data acquired for the coupons
exposed in the two seawaters are shown in Figure 8, in which
the inset plots at high-frequency were included. As shown
in the Nyquist plots (Figures 8A,B), there were two time
constants present in the impedance spectra in the two seawaters.
They consisted of an impedance loop at high-frequency and
an impedance loop at low-frequency. In sterile seawater, the
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FIGURE 6 | The cell numbers in Flavobacterium sp. inoculated seawater after
the different time exposure. The error bars represent the standard deviations
of the six tests.

diameter of impedance loop at low-frequency slightly increased
with exposure time between 1 and 7 day exposure, considerably
increased from 7 to 15 day exposure and slightly increased
from 15 to 21 day exposure and 21 to 30 day exposure
(Figure 8A). In Flavobacterium sp. inoculated seawater, the
diameter of impedance loop at low-frequency increased with
exposure time between 1 and 7 day exposure (Figure 8B).
Then it considerably decreased from 7 to 15 day exposure and
reached the minimum (Figure 8B). Hereafter, it considerably
increased from 15 to 21 day exposure and 21 to 30 day exposure
(Figure 8B). Importantly, the diameters of impedance loops
at low-frequency were considerably greater in Flavobacterium
sp. inoculated seawater than in sterile seawater after 1, 3,

9
Sterile seawater
Flavobacterium sp. inocualted seawater
8 I s —I— —I— —I— _I_
B3 E E3
T’
[}
6+
5 Al—‘
3 7 15 21 30
Time (day)
FIGURE 7 | The pH values in sterile seawater and Flavobacterium sp.
inoculated seawater after the different time exposure. The error bars represent
the standard deviations of the six tests.

5, 7, and 30 day exposure, respectively (Figures 8A,B), but
considerably smaller in Flavobacterium sp. inoculated seawater
than in sterile seawater after 15 and 21 day exposure, respectively
(Figures 8A,B). The results were consistent with the results of the
average corrosion rates.

The EIS data were simulated theoretically using the EEC that
had two time constants as shown in Figure 9. The goodness of
the fitting was evaluated by the chi-squared error (x?) between
the experimental data and the fitting results. The error in the
fitting was in the order of 10~* in all cases (Table 1), which
indicated that the EEC could be reliably used to fit the EIS data
(Liu J.C. et al., 2015). The SEM observation revealed that the

A 7000 B 7000
140 1401
1d 120 | —a—1d 1200
6000 |- 34 0 6000 3d ol
——5d 80 —a—5d sol
5000 - —v—7d o 5000  —v—7d ol
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fE ——21d :g ——21d “of
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FIGURE 8 | Nyquist plots of the coupons exposed in sterile seawater (A) and Flavobacterium sp. inoculated seawater (B).
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Rp Rct

FIGURE 9 | Equivalent electrical circuit used to fit the EIS data: model of
R(QR)(QR) for the coupons exposed in sterile seawater and Flavobacterium
sp. inoculated seawater. Rs: the solution resistance, Qp: the constant phase
element (CPE) of the corrosion products film in sterile seawater or the CPE of
the biofilm/the corrosion products film in Flavobacterium sp. inoculated
seawater, Rp: the resistance of the corrosion products film in sterile seawater
or the resistance of the biofim/the corrosion products film in Flavobacterium
sp. inoculated seawater, Qq: the constant phase element (CPE) of the
electrical double layer, Ret: the charge transfer resistance.

corrosion products film covered the coupons exposed in sterile
seawater and the biofilm/the corrosion products film covered
the coupons exposed in Flavobacterium sp. inoculated seawater.
For the biofilm/the corrosion products film, Flavobacterium
sp. cells adhered with the corrosion products to the coupon
surface, indicating that the contributions of the biofilm and the
corrosion products film to the EEC were indistinguishable. So
the R(QR)(QR) model was fit for the coupons exposed in sterile
seawater and Flavobacterium sp. inoculated seawater (Qu et al.,
2015), in which Ry, Qp, Rp, Qqi> and Ry, respectively, stood
for the solution resistance, the constant phase element (CPE)
of the corrosion products film in sterile seawater or the CPE
of the biofilm/the corrosion products film in Flavobacterium sp.
inoculated seawater, the resistance of the corrosion products film
in sterile seawater or the resistance of the biofilm/the corrosion
products film in Flavobacterium sp. inoculated seawater, the CPE
of the electrical double layer, and the charge transfer resistance.
The fitted electrochemical parameters are listed in Table 1. The
Ry, value in sterile seawater increased from 1 to 30 day exposure.

The R value in sterile seawater slightly increased with exposure
time between 1 and 7 day exposure, considerably increased from
7 to 15 day exposure, slightly increased from 15 to 21 day
exposure and 21 to 30 day exposure. The Ry, and the R values in
Flavobacterium sp. inoculated seawater increased with exposure
time between 1 and 7 day exposure, considerably decreased from
7 to 15 day exposure and considerably increased from 15 to 21 day
exposure and 21 to 30 day exposure. The Ry, and the Rt values in
Flavobacterium sp. inoculated seawater were considerably higher
than the corresponding ones in sterile seawater after 1, 3, 5, 7,
and 30 day exposure. Nevertheless, the R, and the R.; values in
Flavobacterium sp. inoculated seawater were considerably lower
than the corresponding ones in sterile seawater after 15 and
21 day exposure. The results were in accord with the average
corrosion rate results and the Nyquist data.

Polarization Curves

Figure 10 shows the Tafel polarization curves of the coupons
exposed in sterile seawater and Flavobacterium sp. inoculated
seawater. Tafel polarization parameters such as the corrosion
potential (Ecorr), the anodic and cathodic Tafel slops (b, and b,),
the corrosion current density (Icor), and the pitting potential
(Epit) extracted from the Tafel polarization curves are listed
in Table 2. In sterile seawater, the corrosion current density
(Icorr) values stayed at the higher levels between 1 and 7 day
exposure. Then the I.r value considerably decreased from 7
to 15 day exposure and slightly decreased from 15 to 21 day
exposure and 21 to 30 day exposure. In Flavobacterium sp.
inoculated seawater, the I value decreased with exposure time
between 1 and 7 day exposure, considerably increased from
7 to 15 day exposure and considerably decreased from 15 to
21 day exposure and 21 to 30 day exposure. The Io values were
considerably higher in sterile seawater than in Flavobacterium
sp. inoculated seawater after 1, 3, 5, 7, and 30 day exposure,
respectively. However, the I.o,r values were considerably lower in
sterile seawater than in Flavobacterium sp. inoculated seawater

TABLE 1 | Fitted parameters of EIS after the different time exposure in sterile seawater and Flavobacterium sp. inoculated seawater.

Sterile seawater

Time (day) 1 3 5 7 15 21 30
Rs(Q cm?) 9.34 11.62 16.15 10.36 12.65 11.89 17.14
Qp(F cm=2) 0.0008732 0.001419 0.003113 0.004149 0.004201 0.006256 0.009076
Ry (Q cm?) 82.73 93.08 100.3 176.6 218.6 256.1 279.3
Qq(F cm~2) 0.0005302 0.003665 0.001027 0.003066 0.001453 0.001225 0.01179
Ret(Q cm?) 1408 1475 1524 1653 4768 4886 5070
¥2 (1074 6.13 4.85 7.04 5.58 8.31 2.85 6.44

Flavobacterium sp. inoculated seawater

Rs(Q cm?) 18.15 9.817 9.094
Qp(F cm=2) 0.001536 0.001232 0.006864
Ro(Q cm?) 127.7 143.9 195.3
Qq(F cm~2) 0.0005906 0.001151 0.003206
Ret(Q cm?) 3118 3458 4512
¥2 (1074 3.91 5.45 7.28

8.569 10.62 9.542 7.835
0.004722 0.003931 0.003286 0.0007082
229.7 93.4 121.4 978.9
0.002005 0.003989 0.001216 0.0005143
4865 819.4 2031 6341
3.63 8.52 4.22 5.36
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FIGURE 10 | Tafel polarization curves of the coupons exposed in sterile seawater (A) and Flavobacterium sp. inoculated seawater (B) for the different times.

TABLE 2 | Parameters of Tafel polarization curves of the coupons exposed in sterile seawater and Flavobacterium sp. inoculated seawater for the different times.

Sterile seawater

Time (day) leorr (WA/cm?) Ecorr (MV vs. SCE) ba (mV/dec) be (mV/dec) Epit (mV vs. SCE)
1 6.02 —770 57 —134 —300
3 6.67 —800 63 —168 —352
5 7.05 —827 253 —120 —-372
7 5.55 -819 109 —126 —381
15 2.04 —989 159 —115 —421
21 1.94 —998 162 —172 —430
30 1.86 —-1016 158 —116 —446
Flavobacterium sp. inoculated seawater
1 3.21 —834 92 —148 -312
3 2.92 —895 188 —132 —381
5 2.18 —-914 185 —113 —460
7 1.91 —956 154 —98 —479
15 10.83 —986 310 —253 —607
21 4.01 —993 211 —153 —623
30 1.25 —998 128 —87 —650

after 15 and 21 day exposure, respectively. The results were
in agreement with the results of the average corrosion rates
and the EIS. The pitting potential (Epi;) values decreased over
exposure time in the two seawaters. In addition, the Epj values
in Flavobacterium sp. inoculated seawater were considerably
lower than the corresponding ones in sterile seawater between
1 and 30 day exposure. The results supported the surface
analysis results.

DISCUSSION

The EIS is the powerful tool for detecting the different
electrochemical processes at the interfaces between the electrodes
and the electrolytes. The impedance loop diameter in the Nyquist
plot, the R¢¢ value, and the R, value are the key indicators of a

corrosion rate (Liu H. et al.,, 2015, Batmanghelich et al., 2017;
Liu et al., 2017; Song et al., 2018). The higher values of the three
data represent the higher electrical resistances at the interfaces
between the coupons and the electrolytes and the lower corrosion
rates. In this study, the EIS data showed two time constants in the
two seawaters. The time constant at high frequency corresponded
to the corrosion products film formed on the coupon exposed
in sterile seawater or the biofilm/the corrosion products film
formed on the coupon exposed in Flavobacterium sp. inoculated
seawater. The time constant at low frequency represented the
charge transfer process in the electrical double layer, which was
established at the steel and seawater interface. Many authors
had found similar results. The impedance spectra of carbon steel
Q235 in soil-extract solution with Desulfovibrio desulfuricans
revealed that the time constants in the high frequency region were
due to the forming of the corrosion products and the biofilm,
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and the time constant in the low frequency region was due to
the electrical double layer (Xu et al, 2012). The EIS of 2205
duplex stainless steel corrosion by P. aeruginosa showed that the
time constant at the higher frequency was most likely due to the
biofilm/the corrosion products film, while the time constant at
the lower frequency could be attributed to the electrical double
layer (Xu et al, 2017). The EIS of 5052 aluminum alloy had
two time constants: the one at high-frequency was associated
with the formation of corrosion product in the sterile solution or
the corrosion product and biofilm in Desulfovibrio caledoniensis
media, while the other one at low-frequency was associated with
the electrical double layer (Guan et al., 2017). So the two time
constants at high frequency and low frequency were related to R;,
and Ry, respectively.

In sterile seawater, the impedance loop diameter, the
Ret value, and the R, value increased from 1 to 30 day
exposure. Nevertheless, the average corrosion rate and the Icorr
value decreased from 3 to 30 day exposure and from 1 to
30 day exposure, respectively. These changes illustrated that the
corrosion rate of the steel exposed in sterile seawater decreased
from 1 to 30 day exposure. These results could be due to
the increase of the amount of the corrosion products on the
coupon, which could decrease the transmission of corrosive
ions and molecules to the steel surface (Li S. et al., 2016).
Similarly, the resistance of the corrosion products film formed
on AISI 304 stainless steel increased in the first 10 days of
immersion in sterile seawater due to the increase in thickness of
the corrosion products (Rodriguez et al., 2006). The corrosion
product increased the impedance value of AZ31B magnesium
alloy immersed in the artificial seawater (Kang et al., 2019). The
increase of the R value of the naval carbon steel BV-grade A in
natural seawater was due to the increase in the thickness and/or
compactness of the corrosion products layer (Belkaid et al., 2011).
The pit number, the maximum pit depth, and the corresponding
width results in sterile seawater showed the pitting corrosion of
the steel exposed in sterile seawater, which could be attributed
to the concentration cells caused by the heterogeneous corrosion
products film (Fadl-allah et al., 2016).

The EIS data showed that the impedances including the
impedance loop diameters, the R values, and the R;, values in
Flavobacterium sp. inoculated seawater considerably increased
after 1, 3, 5, 7, and 30 day exposure and considerably decreased
after 15 and 21 day exposure as compared to their counterparts
in sterile seawater, which were in accord with the I results of
the polarization curves and the weight loss data. These results
demonstrated that Flavobacterium sp. decreased the corrosion
rates of the steel between 1 and 7 day exposure and after
30 day exposure and increased the corrosion rates between 15
and 21 day exposure. The FM and the SEM results revealed
that Flavobacterium sp. formed the biofilm on the coupons.
The biofilm acted as a transport barrier, blocking the diffusion
of the corrosive species such as oxygen and chloridion to the
steel surface (Mohanan et al., 2004; Guo et al,, 2017). Even
it could prevent the diffusion of the corrosion products (Qu
et al., 2015). Besides, the biofilm could remove oxygen at the
steel/electrolyte interface through oxygen respiration (Little and
Ray, 2002). These led to the increases in the impedances and

decreases in the I. values, the average corrosion rates, and
the corrosion rates. Thus, the decreases of the corrosion rates
by Flavobacterium sp. could be attributed to the corrosion
inhibition by the biofilm, which were supported by previous
studies. Bacillus subtilis increased the impedance value and
decreased the corrosion rate due to the formation of the biofilm
on the AZ31B magnesium alloy surface (Kang et al., 2019). The
P. aeruginosa biofilm increased the Ry values of nickel-zinc
alloys, suggesting that this species inhibited corrosion on nickel-
zinc surfaces (San et al, 2014). D. desulfuricans increased the
Rt value of carbon steel Q235 and decreased the corrosion rate,
which was attributed to the protective ability of the biofilm (Sun
et al., 2011). However, the cell count data and the pH results
showed that in Flavobacterium sp. inoculated seawater, the cell
number variations with exposure time were contrary to the pH
value profiles, indicating that the acid secreted by Flavobacterium
sp. was correlated to the stages of the cell proliferation, that is
the amount of the secreted acid increased with the cell number
increase and decreased with the cell number decrease due to
nutrient starvation. These results were consistent with the profiles
of the organic acid secretion by B. subtilis, in which the organic
acid secreted by B. subtilis is associated with the reproduction
of the microorganism (Qu et al., 2015). Importantly, the pH
values in Flavobacterium sp. inoculated seawater considerably
decreased relative to the corresponding ones in sterile seawater
after 15 and 21 day exposure and reached the acidic values
about 5.6 and 6.2. Acting as the depolarizer, the acid secreted
by Flavobacterium sp. increased the cathodic depolarization, i.e.,
hydrogen evolution reaction, and decreased the deposition of the
corrosion products on the steel surface through decreasing the
concentration of hydroxyl radical. These caused the decreases
in the impedances and increases in the .oy values, the average
corrosion rates, and the corrosion rates. So the increases of
the corrosion rates by Flavobacterium sp. could be attributed
to the corrosion acceleration by the acid from Flavobacterium
sp., which were supported by the following results. The acetate
produced by D. desulfuricans decreased the environmental pH
and increased the corrosion rate of the iron (Pak et al., 2003).
The organic acids such as lactic acid, fumaric acid, malic acid,
and linoleic acid produced by Trichoderma harzianum decreased
the R value and the R, value of AZ31B magnesium alloy in
artificial seawater and increased the corrosion rate (Qu et al.,
2017). The low pH attributed to the acid produced by the iron-
oxidizing bacteria enhanced the corrosion rate of the petrol tank
(Manga et al., 2012).

The surface analysis results showed that the pit numbers,
the maximum pit depths, and the corresponding widths in
Flavobacterium sp. inoculated seawater considerably increased
as compared to their counterparts in sterile seawater. The
polarization curves results showed that the Epi values in
Flavobacterium sp. inoculated seawater considerably decreased as
compared to their counterparts in sterile seawater. These results
demonstrated that Flavobacterium sp. increased the pitting
corrosion of the steel. Moreover, the FM results showed that
the coverage and the heterogeneity of the biofilm increased
with exposure time. The increases in the maximum pit depth
and the corresponding width and the decrease in the Egy
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value by Flavobacterium sp. exhibited the similar trends to
the two formers. The bacterial accumulation depended on the
communication of the bacteria through the released quorum
sensing signal molecules (Fuqua et al., 1994; Hamzah et al., 2013).
In turn, the signal molecules were assembled by the accumulating
bacteria (Waters and Bassler, 2005). As time went on, the
biofilm became more massive (Bollinger et al., 2001). More
importantly, the biofilm became more heterogeneous (Hentzer
and Givskov, 2003). The aggressive ions and molecules diffused
more difficultly to the steel surface areas coated by the biofilm
than to the uncoated areas, which formed the concentration
cells. Furthermore, the oxygen consumption by the biofilm
aggravated the differences in oxygen concentration between the
coated and the uncoated areas. The higher the coverage and
the heterogeneity of the biofilm the greater the concentration
differences of the corrosive substances between the coated and
the uncoated areas, which served as the anodes and the cathodes
of the concentration cells, respectively (Zarasvand and Rai, 2014).
The anodic dissolution led to the pitting corrosion. So the
pitting corrosion by Flavobacterium sp. could be attributed to the
heterogeneous biofilm cover. Similarly, the increases in thickness
and heterogeneity of the P. aeruginosa biofilm caused the more
severe pitting corrosion of mild steel (Abdolahi et al., 2015).
The increases of the Desulfovibrio alaskensis biofilm porosity and
heterogeneity led to the increases of the pitting corrosion of St37-
2 (S235-JR) carbon steel (Wikiet et al., 2014). The heterogeneous
biofilm of M11 and S8-5 SRB resulted in the gradients of pH,
sulfate, and chloride and the pitting corrosion of mild steel
(Xu et al., 2002).

CONCLUSION

In this study, AISI 1045 steel corrosion by Flavobacterium sp.
was explored by weight loss, FM, surface analysis, cell count,
pH measure, EIS, and polarization curves. Flavobacterium sp.
considerably increased the impedances after 1, 3, 5, 7, and 30 day
exposure and considerably decreased the impedances after 15 and
21 day exposure, which were in agreement with the I o results
and the weight loss data. Additionally, the Flavobacterium sp.
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