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Abstract: The corrosion of carbon steel causes dramatic economic losses each year. Since conventional
corrosion prevention approaches may cause pollution problems to the environment, ecofriendly and
effective corrosion approaches are desired. Microbiologically influenced corrosion inhibition (MICI)
has been reported as a sustainable corrosion prevention method. This work aims to evaluate the
corrosion inhibition effect of two bacterial strains, Tenacibaculum mesophilum D-6 and Bacillus sp. Y-6
by choosing Q235 carbon steel as a model system. Scanning electron microscopy (SEM), confocal
laser scanning microscopy (CLSM) and a series of electrochemical techniques were applied to study
the corrosion prevention effect. The electrochemical and pitting results indicated that T. mesophilum
D-6 displayed a better corrosion protection effect. T. mesophilum D-6 formed a denser and thicker
biofilm on the Q235 surface than Bacillus sp. Y-6. The maximum thickness of the T. mesophilum D-6
biofilms was 11.6 ± 0.7 µm, which is about twice as thick than that of Bacillus sp. Y-6. The corrosion
prevention mechanism was ascribed to the formation of biofilms as a barrier to block corrosive agents
such as O2. This study provides a theoretical foundation for the application of biofilms as green and
effective corrosion inhibitors for carbon steel.

Keywords: Q235 carbon steel; Tenacibaculum mesophilum D-6; Bacillus sp. Y-6; corrosion inhibition;
biofilm formation ability

1. Introduction

Steel is widely used in many fields as a structural material. The advantages of Q235
steel include low cost and high ductility and weldability. The major problem of Q235 is its
vulnerability to corrosion, which can cause dramatic economic losses and serious safety
issues [1,2]. To prevent corrosion, numerous types of methods have been created, such as
physical, chemical and electrochemical ideas. Physical corrosion prevention approaches are
accomplished by making a physical barrier between the metal surface and the environment,
which is also termed coating. Coatings, as one of the easiest and cheapest methods to
prevent corrosion, can be generally classified into four types [3]: metallic coatings, conver-
sion coatings, inorganic coatings and paints [4–7]. The application of coatings is limited
by two facts. First, coatings must be properly and well made, otherwise they can quickly
fail and result in even worse corrosion. Second, coatings may contain toxic organic com-
pounds, which are harmful to the environment [8]. Indeed, hazards to the environment
and to ecology induced by the application of conventional corrosion prevention and pro-
tection methods have been widely reported [4,5,9]. For the sustainable development of
society, long-lasting and ecofriendly corrosion prevention and protection technologies are
still appealing.

Microorganisms were mostly considered as the reason for metal corrosion in the past.
Microbiologically influenced corrosion (MIC) has been extensively investigated [10,11]. Sev-
eral MIC mechanisms have been raised, such as extracellular electron transfer (EET) [12–14],
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metabolite corrosion [15–19] and the concentration differential battery [20–23]. In recent
years, microbiologically influenced corrosion inhibition (MICI) has increasingly attracted
attention. MICI was first reported in 1987 by Iverson, who found the inhibition of cop-
per corrosion by bacteria [24]. Recently, Lou summarized MICI mechanisms as follows:
the removal of corrosive substances by respiration of microorganisms; the formation of
an extracellular polymeric substances (EPSs) layer to protect metals; a microbiologically
produced mineralized layer; competitive microbial corrosion inhibition; and corrosion
inhibitors secreted by bacteria [25].

Aerobic microorganisms can consume dissolved oxygen through aerobic respiration.
Then, a low-oxygen or oxygen-free region forms on the metal surface due to the consump-
tion of oxygen by microorganisms. Since oxygen is a major reason for corrosion, limited
oxygen in the environment caused by aerobic respiration of microorganisms prevents met-
als from corrosion by blocking the cathode reaction [25]. Pedersen explored the inhibition
of steel corrosion by two marine bacterial strains, Pseudomonas sp. S9 and Serratia marcescens
EF190 [26], demonstrating that the corrosion inhibition effect was the result of the metabolic
activity of bacteria, including oxygen consumption [26]. Chongdar found that the aerobic
bacteria Pseudomonas cichorii inhibited the corrosion of mild steel by forming biofilms on
the metal surface [27].

Bacterial cells in biofilms are embedded in EPSs, which contain complex components
such as polysaccharides, proteins, lipids and nucleic acids [28]. EPSs are the fundamental
component of biofilms, which stabilize the biofilm structure. Hydrophobic components
in EPSs, such fatty acids, can prevent corrosion by forming an inhibition barrier [25]. In
addition to forming an inhibition barrier, EPSs also reduce the adhesion of microorganisms
to metal surfaces. Stadler found that the purified EPSs isolated from Desulfovibrio vulgaris
biofilms inhibited the stay of microorganisms on a highly alloyed steel surface [29]. In
2015, Moradi discovered the corrosion inhibition effect of marine Vibrio neocaledonicus sp. to
carbon steel [30]. They found that the homogenous biofilm formed on carbon steel inhibited
the diffusion of corrosive-agent oxygen ions on the metal surfaces [30]. Liu reported the
inhibition effect of EPSs extracted from an iron-oxidizing bacterium on the corrosion of
Q235 carbon steel [31].

Microbiologically induced mineralization plays a critical role in chemical cycling
and deposition in the nature [25]. Mineralized layers by microorganisms include the
phosphate mineralized layer, iron oxide mineralized layer and carbonate mineralized
layer [25]. In addition to protecting metals against corrosion, mineralized layers also have
the functionality to repair damaged coatings. For example, Volkland found that microbe-
induced phosphorylation by Pseudomonas putida can repair damaged vivianite coatings on
carbon steel surfaces [32].

Many MICI studies have been reported; however, the application of microorganisms
to inhibit corrosion on a large scale are still limited. The effect of microorganisms on metal
corrosion largely depends on the environmental condition. For instance, electroactive
microorganisms, such as the Shewanella species, can inhibit corrosion in aerobic conditions
by consuming oxygen near the metal surface, but enhance corrosion in anaerobic conditions
through the extracellular electron transfer pathway. The effect of temperature on MICI is
still not clarified yet, though many studies on the influence of temperature on corrosion
inhibition efficiency of abiotic approaches have been reported [33–36]. The heterogeneity
of biofilms on metal surfaces also makes it hard to obtain a constant corrosion inhibition
performance. Indeed, the selection of suitable microorganisms for application under
different conditions is a critical and not yet thoroughly resolved problem [33–36]. To apply
microorganisms as green and effective inhibitors, the corrosion inhibition mechanism of
bacteria still requires thorough investigation.

In this work, Q235 carbon steel and two bacterial strains, Tenacibaculum mesophilum
D-6 and Bacillus sp. Y-6, were selected as the model system to explore the corrosion inhibi-
tion mechanism by microorganisms. The MICI performances of these two bacteria were
systematically studied with a variety of electrochemical methods and surface analytical
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techniques. Biofilms formed on Q235 carbon steel were observed with confocal laser scan-
ning microscopy (CLSM). The corrosion morphology of carbon steel was characterized
by scanning electron microscopy (SEM) and CLSM. The systematic study on the MICI
mechanisms of these two bacterial strains can provide a theoretical foundation for their
application as green and effective corrosion inhibitors.

2. Materials and Methods
2.1. Bacterial and Materials

T. mesophilum D-6 and Bacillus sp. Y-6 was obtained from Prof. Danqing Feng’s group
(Ocean and Earth College, Xiamen University). The bacterial strains were stored in −80 ◦C
freezer. The following steps were used to reculture the bacteria. After cultivating on 2216E
medium for 24 h at 30 ◦C, 1 mL of bacterial suspension was centrifuged at 8000 rpm for
3 min and washed with PBS twice. The bacterial pellet was resuspended in PBS medium
until the OD600 values reached 0.5. The Q235 carbon steel used in this study was obtained
from the Institute of Metal Research, Chinese Academy of Sciences (Shenyang, China).

The 2216E medium was ordered from Qingdao Hope Biotechnology Co., Qingdao,
China. Phosphate-buffered saline (PBS) was ordered from Aladdin Biochemical Technology
Co., Ltd., Shanghai, China. The LIVE/DEAD BacLight Bacterial Viability kit was ordered
from Thermo Fisher Scientific Co., Ltd., Eugene, OR, USA.

2.2. Electrochemical Measurements

All electrochemical experiments were carried out using a three-electrode system
connected with an electrochemical station (Reference 600, Gamry Instruments, Warminster,
PA, USA). A saturated calomel electrode (SCE) was used as the reference electrode. A
platinum electrode was used as the auxiliary electrode. The Q235 carbon steel coupons
were the working electrodes. The specimens were cut into blocks with dimensions of
1.0 × 1.0 × 0.2 cm. The exposed surface was polished with silicon carbide metallurgical
papers from 240 to 1000 grit. All samples were ultrasonically rinsed in absolute alcohol
for 15 min and sterilized with ultraviolet light for 30 min before the immersion tests. All
coupons were cold-mounted in epoxy, with copper lines spot-welded onto the back for
electrical contact. Then, the exposed surface was polished again with 1000-grit carbide
metallurgical papers to obtain an even surface.

Linear polarization resistance (LPR), electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization curve were measured after the open circuit potential
(OCP) was stable. LPR was measured with a scanning rate of 0.125 mV/s ranging from
−5 mV to +5 mV vs. EOCP. EIS data were collected with a frequency range between 0.01 and
1 × 105 Hz and an amplitude of ±10 mV. To analyze EIS data, ZsimpWin software (Version
3.30, Princeton Applied Research, Oak Ridge, TN, USA) was used. The polarization curves
were scanned from −300 mV and +300 mV versus OCP with a scan rate of 0.333 mV/s. To
determine the Tafel slopes, corrosion potential (Ecorr) and corrosion current density (icorr),
the linear parts of cathodic polarization curves were used for Tafel extrapolation. Linear
region of cathodic polarization curves was selected from Ecorr −120 mV to Ecorr for fitting.
The fitting was accomplished by using Gamry Echem Analyst and OriginPro software. All
electrochemical experiments were performed in a glass electrolytic cell containing 200 mL
of 2216E medium. The media were autoclaved before use. A water bath was used to keep
the temperature at 30 ◦C for the glass electrolytic cell. All experiments were repeated at
least three times.

2.3. Surface Analysis and Biofilm Characterization

Biofilm characterization: Scanning electron microscopy (SEM, EVO 10, ZEISS,
Oberkochen, Germany) was applied to characterize the biofilm morphology on differ-
ent samples. After incubation for 7 days, Q235 coupons were washed twice in PBS (1 mL)
and then fixed by 5% glutaraldehyde at 4 ◦C for 2 h. The fixed samples were gradually de-
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hydrated with 20, 40, 60, 80 and 100% ethanol for 15 min. In order to facilitate SEM imaging,
the surface conductivity of tested samples was first improved by sputtering with Au.

Living biofilms formed on coupons were investigated by a bacterial live/dead staining
assay (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA). Briefly, after different
treatments, the biofilm cells were costained by Propidium Iodide (PI) and SYTO-9 dyes
for 25 min in the dark, followed by washing twice with PBS. According to the instructions
from the manufacturer, all live bacteria would be labeled by SYTO-9 and showed green
fluorescence, while dead bacteria would be stained by PI and revealed red fluorescence.
Finally, fluorescence images were captured using confocal laser scanning microscopy
(CLSM, LSM 900, ZEISS, Oberkochen, Germany). The SYTO-9 and PI dyes were excited
with 488 and 560 nm laser, respectively. The 3D biofilm morphometry was imaged by
z-scan with CLSM.

The 3D profiles of corrosion pits formed on surfaces were imaged with the CLSM. Sim-
ilarly, ultrasound was used to remove the biofilms and corrosion products before imaging.
The maximum pit depth and averaged maximum pit depth were calculated from measured
deep/wide pits. The distribution of depth/width of pits was statistically estimated with
the confidence interval of 80% [37]. Five maximum pitting depths measured in different
regions on the coupon were averaged to calculate averaged maximum pitting depth.

2.4. Weight Loss and Corrosion Product Analysis

After incubation in 2216E medium (with or without bacteria) for 7 days at 30 ◦C,
the biofilm and corrosion products on the sample surfaces were first detached. Briefly,
metals were put into ultrasound for 30 min and then rinsed with hydrochloric acid (50%)
for 5 s. The sample surfaces were then gently wiped to clean corrosion products. Each
sample was then sonicated in absolute ethanol for 30 min and then dried in air. The weight
of each sample was measured with an analytical balance with the precision of 0.0001 g
(Mettler-Toledo, ME204, Columbus, OH, USA).

After incubation in different culture for 7 days, the corrosion products on Q235 carbon
steel surfaces were analyzed with SEM in combination with energy-dispersive spectroscopy
(EDS). A small region was selected on each sample. Then, EDS was used to semiquantita-
tively analyze the composition of corrosion products within the area. The relative contents
of each composition, such as Fe, O, C, Na, Cl, were also calculated.

3. Results
3.1. Biofilm Characterization

Biofilm formation on the metal surface is essential to the corrosion behavior of the
material. The morphology of T. mesophilum D-6 and Bacillus sp. Y-6 biofilms on the surface of
Q235 carbon steel samples was characterized with scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM) after 7 d incubation. As shown in Figure 1a,c,
after 7 d incubation, both bacterial strains grew on the metal surface. Compared with
Bacillus sp. Y-6, T. mesophilum D-6 formed relatively denser biofilms. T. mesophilum D-6 cells
aggregated and formed large clusters, but Bacillus sp. Y-6 cells were sparsely distributed
on the surface. Besides the biofilm, small dots were also observed, which might be cor-
rosion products. The 3D-CLSM images of biofilms after live/dead staining are shown in
Figure 1b,d. The green and red fluorescences represent the live and dead cells, respectively.
The yellow color usually represents the overlap of the live and dead cells. As shown in
Figure 1b,d, the red and yellow colors were hardly observed. This meant that there were
very few dead cells in Bacillus sp. Y-6 and T. mesophilum D-6 biofilms. The green color also
indicated that both T. mesophilum D-6 and Bacillus sp. Y-6 biofilms grew well on the Q235
coupon surface. The average thickness of the T. mesophilum D-6 biofilms was 11.6 ± 0.7 µm,
which is larger than that of Bacillus sp. Y-6 biofilms (6.2 ± 1.9 µm). Dense and thick biofilms
may provide a better corrosion protection effect by functioning as a physical barrier against
corrosion agents, such as O2, Cl− and acidic reagents.
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Figure 1. SEM and CLSM images of biofilms grown on Q235 coupons after seven days immersion in
different culture media: (a,b) T. mesophilum D-6, (c,d) Bacillus sp. Y-6. Green color represents live cells
with high metabolic activity.

3.2. Electrochemical Tests

Various electrochemical methods were applied to characterize the corrosion prevention
and protection effects of T. mesophilum D-6 and Bacillus sp. Y-6. The EOCP for the Q235
coupons submerged in different conditions are shown in Figure 2a. The EOCP values of the
Q235 coupons immersed in the sterilized media fluctuated around 620 mV during 7 days
of immersion. With respect to the sterilized condition, the EOCP values of the coupons
submerged in cell culture were relatively more stable during 7 days of immersion. The
negatively shifted EOCP under biotic conditions may reflect the thermodynamic tendency
of the metal sample to occur corrosion reactions. However, the kinetics of the corrosion
reaction need to be evaluated by other electrochemical parameters, such as the polarization
resistance Rp.
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The Rp values were obtained with the LPR test and are shown in Figure 2b. In the abi-
otic system, the Rp values gradually rose from 5.1 ± 1.0 kΩ cm2 to about 26.17 ± 0.2 kΩ cm2

during the 7-day experiment. According to the Stern–Geary equation, the increased Rp
value usually indicated a decreased corrosion rate [38]. The increased Rp value in the
sterile media was due to the gathering of corrosion products on the coupon surfaces. The
Rp values of the Q235 coupons submerged in the Bacillus sp. Y-6 culture were slightly
higher than the abiotic system, indicating its corrosion inhibition effect. The Rp values
of the Q235 coupons submerged in the T. mesophilum D-6 culture were much higher than
those in the Bacillus sp. Y-6 culture and the abiotic media, indicating the better corrosion
inhibition effect of T. mesophilum D-6. The Rp results of the tested Q235 coupons were in the
following order: T. mesophilum D-6 > Bacillus sp. Y-6 > abiotic media. Since T. mesophilum
D-6 formed denser and thicker biofilms on Q235 coupon surfaces than Bacillus sp. Y-6, the
corrosion protection effect could be attributed to the biofilm formation abilities of these
two bacterial strains.

The potentiodynamic polarization curves of the Q235 samples after 7 days of im-
mersion in sterile media and bacterial cultures were shown in Figure 2c. With respect to
the sterile media, the existence of T. mesophilum D-6 and Bacillus sp. Y-6 decreased both
the cathodic reaction and anodic reaction rate. Indeed, the higher cathodic Tafel slopes
were observed for Q235 carbon steel in the presence of Bacillus sp. Y-6 and T. mesophilum
D-6, compared with that in the sterile 2216E culture, indicating the decrease in the anodic
dissolution rate. Figure 2d showed the corresponding fitted electrochemical parameters.
The corrosion current density (icorr) and corrosion potential (Ecorr) were obtained by fitting
the curve (Figure 2d). With respect to the sterile media, the addition of bacteria resulted in a
decrease in icorr. The smaller icorr indicated the decreased corrosion rate. The icorr decreases
induced by the T. mesophilum D-6 and Bacillus sp. Y-6 strains were comparable.

The EIS data were analyzed using the equivalent circuits shown in Figure S1. The
corresponding fitted parameters are listed in Table S1. After 7 days of immersion, Q1 and
Q2 of the biotic systems were much smaller than that of the sterile medium. The lowered Q1
and Q2 may reflect the increase in the electrical double layer thickness, which was induced
by the formation of biofilms and corrosion products on the metal surfaces [39,40]. The
decreased Q1 and Q2 also indicated the protective effect of the films that were composed
with biofilms and corrosion products.

After inoculating bacterial cells for one day, the Rct of the sterile media, Bacillus sp.
Y-6 and T. mesophilum D-6 were 3911, 4650 and 26,110 Ω·cm2, respectively. The largest Rct
value of indicated its highest corrosion inhibition effect. After immersion for 4 days, the
Rct of the sterile media, Bacillus sp. Y-6 and T. mesophilum D-6 increased to 6974, 20,830
and 42,290 Ω·cm2, respectively. The increase in Rct of the sterile system was due to the
accumulation of corrosion products on the metal surface, while the increased Rct of the
biotic systems were due to the formation of biofilms and corrosion products. The increased
Rct of the sample in the Bacillus sp. Y-6 and T. mesophilum D-6 culture also demonstrated the
increasing corrosion inhibition effect with the growing of biofilms on Q235 coupon surfaces.
After immersion for 7 days, the Rct of the sample in the Bacillus sp. Y-6 culture increased to
40,930 Ω·cm2, while that in the T. mesophilum D-6 culture was 39,510 Ω·cm2. The reason for
the slight decrease in the Rct in the T. mesophilum D-6 on day 7, compared with that on day
4, might be that the T. mesophilum D-6 biofilms became mature and achieved their highest
corrosion inhibition effect earlier than day 7.

Nyquist and Bode plots for the Q235 samples immersed in the different culture media
at 1, 4 and 7 days are presented in Figure 3. As shown in the Nyquist plot (Figure 3a,c,e), the
samples in the sterile media always had the smallest diameters of the capacitive semicircles
after different immersion times. This indicates that Q235 in the sterile media had the lowest
charge-transfer resistance. Thus, the corrosion rate of the sample under sterile media was
the highest. This result was in agreement with the icorr data(Figure 2d). Samples immersed
in the biotic media were observed to have larger diameters of the capacitive semicircles in
Nyquist plots, and the largest diameters appeared with the presence of the T. mesophilum
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D-6 media. This phenomenon demonstrated that the addition of bacteria inhibited the
corrosion of the samples, and the inhibition effect of T. mesophilum D-6 was stronger than
that of Bacillus sp. Y-6. In addition, the diameter of the Nyquist plot in the samples of the
biotic media increased with the immersion time, indicating that the corrosion protection
effects of the bacterial strains were gradually imcreasing [41]. Furthermore, the |Z | values
in the presence of T. mesophilum D-6 at the low-frequency region were the highest, as
shown in Bode plots, indicating the highest corrosion resistance of Q235. As shown in
Figure 3b,d,f, the |Z | value at the low-frequency region illustrated that the order of the
corrosion resistance was T. mesophilum D-6 > Bacillus sp. Y-6 > abiotic media. This was
consistent with the results of the polarization resistance observed in LPR test (Figure 2b).
The Bode-phase diagrams showed two time constants for all systems after 7 days of
immersion. The one with high frequency may be due to the formation of a protective
layer and corrosion products on the metal surface, while the one with low frequencies
may be caused by an electrical double layer. For media containing T. mesophilum D-6 and
Bacillus sp. Y-6, the capacitive behavior in the low-frequency region can be attributed to the
cumulative capacitive effect due to biofilm formation [42]. Moreover, it can be observed
that in media with T. mesophilum D-6, the two time constants mentioned above appeared
at lowest frequencies, indicating the slowest corrosion reaction rate. The Nyquist and
Bode results indicated that T. mesophilum D6 had the most significant effect in inhibiting
Q235 corrosion.
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3.3. Weight Loss and Pitting Corrosion

Weight loss tests were carried out to explore the uniform corrosion behavior of Q235
carbon steel under different conditions. The weight loss results are presented in Figure 4a.
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After 7 days of immersion, the weight loss of the Q235 carbon steel was 16.1 ± 3.3 mg/cm2

in the abiotic medium. Considering the aerobic experimental conditions, the weight loss
can be attributed to the result of O2 corrosion. However, it decreased to 7.3 ± 2.5 and
5.4 ± 0.9 mg/cm2 with the addition of Bacillus sp. Y-6 and T. mesophilum D-6, respectively.
The weight loss data reflected that the two test bacterial strains slowed the uniform corro-
sion of Q235, and T. mesophilum D6 displayed the best inhibition effect. To determine if pH
played a critical role in the uniform corrosion of Q235, the pHs for each system were de-
tected during the 7-day experiment. As shown in Figure 4b, the pHs of the bacterial culture
were around 7.5 during the 7-day experiment. The stable pH value of about 7.5 indicates
that the growth of Bacillus sp. Y-6 and T. mesophilum D-6 did not obviously change the pH.
Thus, acid corrosion was not the major contributor to Q235 corrosion.
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The corrosion pits on Q235 sample surfaces were also imaged and analyzed with
CLSM. The maximum pitting morphology with the measured depth are shown in Figure 5.
After immersion in the sterile media for seven days, the averaged maximum pit depth was
5.7 ± 0.9 µm. This phenomenon indicated that corrosive agents (e.g., O2, Cl−) in the media
caused localized corrosion on the Q235 surface. For the coupons immersed in the biotic
media, much shallower pits were observed. The averaged maximum pit depth decreased
to 3.9 ± 0.9 and 2.6 ± 0.6 µm in the presence of Bacillus sp. Y-6 and T. mesophilum D-6,
respectively. The pitting results confirmed the electrochemical results that both bacterial
strains inhibited the corrosion of Q235, and T. mesophilum D-6 had a stronger inhibitory
effect. The corrosion protection effect of two bacterial strains were positively related to the
thickness of the biofilm formed on the Q235 surfaces.
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The corrosion pits in different groups were also evaluated by statistical analysis with a
high confidence level. As shown in Figure 6, the corrosion pit width and depth of Q235
decreased with the presence of Bacillus sp. Y-6 and T. mesophilum D-6, compared with
coupons in the sterile medium. Additionally, T. mesophilum D-6 had a better inhibitory
performance than Bacillus sp. Y-6. The corrosion protection effect of the two bacterial
strains had a positive correlation with the thickness of the biofilm on the Q235 surfaces.
The pitting results were also consistent with the electrochemical results.
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3.4. Corrosion Product Analysis

Analysis of corrosion products can provide insight into the corrosion mechanism from
the molecular level. Corrosion product analysis was performed with SEM and EDS. Figure
S2 shows the sampling method for EDS. The relative content of Fe, O, C and Na in corrosion
products are shown in Table 1. The content of oxygen of the corrosion product in the abiotic
condition was 16.7 ± 7.4%. The presence of Bacillus sp. Y-6 and T. mesophilum D-6 decreased
the content of oxygen to 11.7 ± 3.1% and 6.5 ± 1.6%, respectively. The decreased content
of oxygen implied the decreased amount of corrosion product, iron oxides. Thus, the
lowered content of oxygen induced by Bacillus sp. Y-6 and T. mesophilum D-6 indicated their
inhibition effect on Q235 corrosion. In agreement with the electrochemical test, weight loss
result and pitting analysis, corrosion product analysis also supported that T. mesophilum
D-6 displayed the best inhibition effect.

Table 1. Content of Fe, O, C and Na in corrosion products obtained with EDS test.

Fe (Wt %) O (Wt %) C (Wt %) Na (Wt %)

Sterile 44.7 ± 2.4 16.7 ± 7.4 15.2 ± 6.9 12.4 ± 5.5
Bacillus sp. Y-6 67.1 ± 8.5 11.7 ± 3.1 6.4 ± 1.9 7.6 ± 2.1

T. mesophilum D-6 85.9 ± 3.3 6.5 ± 1.6 4.5 ± 1.2 3.2 ± 0.9

4. Discussion

MICI is a potential ecofriendly corrosion inhibition technique. However, systematic
studies on the relationship between biofilm formation capability and corrosion protection
performance are still in shortage. In this study, two aerobic marine bacteria, Bacillus sp.
Y-6 and T. mesophilum D-6, were utilized to perform corrosion tests on Q235 in simulated
seawater. Through surface morphological characterization and corrosion evaluation, both
strains were confirmed to have the ability to inhibit corrosion, with T. mesophilum D-6
showing a higher inhibitory effect.
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The Rp and icorr data showed that both Bacillus sp. Y-6 and T. mesophilum D-6 slowed
the corrosion rate of Q235 in simulated sea water (Figure 2). The EIS results were consistent
with the Rp and icorr results. The Nyquist plots of the Q235 sample measured in the T.
mesophilum D-6 culture displayed the largest diameters, which meant the highest corrosion
resistance (Figure 3). The two time constants of the Bode-phase diagrams measured in
the Bacillus sp. Y-6 and T. mesophilum D-6 cultures might be due to the formation of the
protective layer and the electrical double layer [42]. The lowest frequencies of the Bode
diagram in the T. mesophilum D-6 culture demonstrated the slowest corrosion reaction rate.
The weight loss and pitting data (Figures 4–6) confirmed the same conclusion.

The surface analysis results of Q235 coupons in the simulated marine environment
demonstrated that the ability to form biofilms of the two bacterial strains was different
(Figure 1). With respect to Bacillus sp. Y-6, T. mesophilum D-6 formed denser and thicker
biofilms on the Q235 steel and displayed a better corrosion inhibition effect. Thus, we be-
lieve that biofilms were the key factors in corrosion inhibition, and the corrosion protection
effect was positively correlated with their biofilm formation ability.

The corrosion inhibition effect of biofilms was considered from the following two
aspects (Figure 7). First, planktonic and sessile cells consume O2 to obtain energy through
aerobic respiration. Then, low-oxygen or oxygen-free regions were generated on the metal
surface. Since dissolved oxygen is a major reason for corrosion in an aqueous environ-
ment [43], the metal corrosion was alleviated by the limited cathodic reaction [44]. The de-
creased content of oxygen (Table 1) due to the presence of Bacillus sp. Y-6 and T. mesophilum
D-6 implied a decrease in oxygen concentration. However, to further confirm this state-
ment, the oxygen concentration in the culture media and within the biofilm are desired
to be measured in the future. Second, the EPSs adsorbed on Q235 play a barrier role.
EPSs are the main components of the biofilm, which are mainly composed of extracellular
polysaccharides, proteins, lipids and nucleic acids [28]. Those polymeric macromolecules
can absorb corrosive agents, thus blocking their diffusion to the metal surface. Indeed,
isolated and purified EPSs from biofilms have been demonstrated to be the key factor in
the corrosion inhibition of biofilms [45,46]. In addition to blocking corrosive agents, EPSs
also reduce the adhesion of other microorganisms [29]. In this study, the effects of EPSs
in T. mesophilum D-6 and Bacillus sp. Y-6 biofilms on the corrosion of Q235 carbon steel
were proposed. Future work will focus on evaluating the specific functionality of EPSs by
isolating EPSs from the biofilm.
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5. Conclusions

In summary, the corrosion inhibition effects of T. mesophilum D-6 and Bacillus sp. Y-6
on Q235 carbon steel were investigated with SEM, CLSM and electrochemical methods.
All acquired data demonstrated that both bacterial strains can inhibit Q235 corrosion. T.
mesophilum D-6 exhibited better corrosion inhibition performance than Bacillus sp. Y-6. SEM
and CLSM images showed that T. mesophilum D-6 formed denser and thicker biofilms on
the Q235 surface than Bacillus sp. Y-6. The maximum thickness of T. mesophilum D-6 was
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11.6 ± 0.7 µm, which was about twice that of the Bacillus sp. Y-6 biofilm. The corrosion
inhibition effect was ascribed to the biofilm formation capability of the bacterial strain. This
study provides a theoretical basis for the use of biofilm as an ecofriendly corrosion inhibitor
for carbon steel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13040649/s1, Figure S1: Equivalent circuits used for EIS data
analysis. Herein, Rs represents the resistance of the solution, Rfilm is the resistance of the film (biofilm
and corrosion products film), Rct is the charge transfer resistance, Q1 is the capacitance of the film
and Q2 is the capacitance of electrical double layer; Figure S2: The sampling regions for EDS test;
Table S1: EIS parameters of Q235 coupons in different culture.
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