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A B S T R A C T   

Microbiologically influenced corrosion inhibition (MICI) of aluminum alloy (AA) 5083 by three representative 
Vibrio species were evaluated using electrochemical, surface analysis and surface characterization techniques. 
Interestingly, all the bacteria exhibited profound inhibitory effect on the corrosion of AA5083 in the chloride- 
containing culture medium. The MICI mechanism of tested Vibrio species is that mature biofilms acted as a 
diffusion barrier to prevent the penetration of corrosive chloride and consumed up the diffused oxygen by their 
aerobic respiration. Thus, the biofilm increased the passive range and inhibited the localized attack on the 
AA5083 surfaces.   

1. Introduction 

Biofilm, a community of one or more species of bacteria, always 
forms on the surface of metal and consequently leads to microbiologi-
cally influenced corrosion (MIC) [1–3]. MIC on steel, a key structural 
material in infrastructure, has been extensively explored in the presence 
of different aerobic and anaerobic bacteria [4–8]. However, studies on 
non-ferrous materials related MIC are rarely reported. Of those, 
light-weight aluminum alloys (AA) that are widely used for 
manufacturing of marine equipment are vulnerable to MIC. In general, 
AA exhibit a good corrosion resistance in mildly corrosive environment 
owing to the strong passivity derived from their native oxide layer upon 
the surface. However, they suffer from localized corrosion attack, in 
particular, in contact with marine environments [9–11]. In addition, the 
presence of a great number of microorganisms in seawater degrades the 
corrosion resistance of AA to some degree given some certain biological 
metabolism activities [12–14]. Sulfate-reducing bacteria (SRB), always 
blamed as a major culprit in MIC, caused a severe corrosion of AA5052 
[15]. Smirnov et al. [16] also suggested that the main factor responsible 
for AA destruction by thirteen fungus and six bacterial species was the 
organic acids secreted in the course of bacterial metabolism. 

In contrast, it is recognized that some biological activities of 

microorganisms contributed positively to the corrosion resistance of 
metal alloys, termed microbiologically influenced corrosion inhibition 
(MICI), since the first discovery by Pedersen et al. [17] in 1998. So far, 
the corrosion inhibitory effect of several bacterial species, such as 
Pseudomonas flava, Pseudomonas stutzeri [18], Escherichia coli DH5α [19], 
and even SRB [20] upon a number of ferrous and non-ferrous alloys have 
been reported. Different MICI mechanisms, including formation of a 
barrier film on metal surface [21], oxygen depletion [22], secreting 
inhibitory enzyme [23], and corrosion inhibition via biomineralization 
[24] have been proposed. Recently, Moradi et al. [25] have reported an 
excellent corrosion inhibitory effect of Vibrio neocaledinocus sp. which is 
comparative to that of metallic Ni coating, attracting the attentions to 
the Vibrio species. It is well known that biofilm is responsible for MIC 
and MICI [26]. Vibrio species are Gram-negative, motile with a curved 
rod shape, the most abundant bacteria in seawater, and they have strong 
ability to form biofilm on the metal surface. However, there is little 
known that how Vibrio species biofilms influence the corrosion process 
of the metal matrix where they attached. Thus, it is of great interest to 
figure out the potential dual roles, MIC or MICI, of different Vibrio 
species with the interactions of AA. 

In this work, three representative Vibrio species, namely Vibrio par-
ahaemolyticus, Vibrio alginolyticus and Vibrio sp. EF187016, were selected 
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and isolated from the East China Sea for revealing their corrosion 
inhibitory effect on AA5083 through electrochemical measurements and 
surface characterization. 

2. Materials and methods 

2.1. Microbiological culture and incubation 

Three strains of marine Vibrio species were isolated from the East 
China Sea, Xiamen and identified as V. parahaemolyticus, V. alginolyticus 
and V. EF187016 by 16 s rRNA sequence. Sampling, strain isolation, and 
culture procedures have been described previously [27]. Bacteria were 
incubated in 2216E culture medium, composed of the following com-
ponents (g/L): 19.45 NaCl, 5.98 MgCl2, 3.24 Na2SO4, 1.80 CaCl2, 0.55 
KCl, 0.16 Na2CO3, 0.080 KBr, 0.034 SrCl2, 0.080 SrBr2, 0.022 H3BO3, 
0.0040 Na2SiO3, 0.0024 NaF, 0.0016 NH4NO3, 0.0080 NaH2PO4, 5.0 
peptone, 1.0 yeast extract and 0.10 ferric citrate. Initial pH of the culture 
medium was 7.6 ± 0.2. Before performing the experiment, the solution 
was sterilized in the autoclave at 121 ◦C for 20 min. 

2.2. Materials 

Square-shaped AA5083 specimens with dimensions of 10 mm × 10 
mm × 5 mm were used in this study with a chemical composition (wt%) 
of Mg 4.36, Mn 0.50, Fe 0.16, Si 0.081, Cr 0.072, Cu 0.031, Ti 0.013, Zn 
0.0025 and Al balance. Before measurements, all AA5083 coupons were 
mechanically ground with silicon carbide papers to surfaces finished of 
1000 grit, ultrasonically rinsed with absolute ethanol for 15 min, dried 
and sterilized under ultraviolet radiation for 30 min. 

2.3. Electrochemical tests 

Electrochemical tests were performed with a three-electrode system 
in a quartz cell (250 mL) filled with 200 mL of culture medium as 
electrolyte. Electrical contact was provided to connect working elec-
trode with others through a conductive copper wire (covered with 
insulate rubber) to the back side of specimens mounted in epoxy resin. 
The wires were then connected in such a way that only 1 cm2 of each 
specimen was exposed. Platinum plate (10 mm × 10 mm × 1 mm) was 
used as counter electrode, and saturated calomel electrode (SCE) as 
reference electrode. Gamry electrochemical workstation (Reference 
600, Inc, USA) was used to perform the electrochemical measurements, 
including open circuit potential (OCP), linear polarization resistance 
(LPR), electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization curves. The potential was swept in the range from − 5 
mV to 5 mV (vs. EOCP) at a scan rate of 0.125 mV/s for the LPR mea-
surement. EIS tests were operated at stable open circuit potential (EOCP), 
and the sinusoidal voltage was 5 mV at a frequency from 100 kHz to 0.01 
Hz. EIS results were analyzed using ZSIMPWIN software (Princeton 
Applied Research, USA). Potentiodynamic polarization curves were 
recorded at a constant sweep rate of 0.166 mV/s. During the 

electrochemical measurements, the samples were immersed in a water 
bath to maintain the temperature at 30 ◦C. Three replicates were carried 
out for reproducibility. Current density variation of AA5083 as a func-
tion of time in sterilized abiotic and Vibrio species containing media was 
monitored with the same electrochemical workstation. Current density 
was recorded at a frequency of one reading per 10 s. 

2.4. Immersion tests 

Immersion tests were carried out in 100 mL conical flask. Three 
samples of AA5083 were put into 50 mL of sterile 2216E culture medium 
or inoculated medium with Vibrio species. The initial bacteria cell con-
centration in each conical flask was approximately 1.0 × 106 cells/mL. 
The conical flasks were incubated in 30 ◦C for 7 and 14 days, 
respectively. 

2.5. Surface observation and characterization 

Biofilms characteristics of different Vibrio species on AA5083 speci-
mens were examined using field emission scanning electron microscopy 
(FESEM, Ultra Plus, Zeiss, Germany). Before biofilm observation, sam-
ples were removed from culture media and rinsed with phosphate 
buffered saline (PBS). The test coupons were fixed in 3% (v/v) glutar-
aldehyde solution for 4 h, and sequentially dehydrated with 50, 60, 70, 
80, 90 and 100% ethanol (v/v) for 10 min at each concentration. Finally, 
the dehydrated samples were sputter coated with gold for FESEM 
observations. 

Confocal laser scanning microscopy (CLSM, C2 Plus, Nikon, Japan) 
was also used for detecting live and dead sessile cells and biofilm 
morphology attached on the metal surface. The samples were cultivated 
with different Vibrio species for 7 and 14 days, respectively. After rinsing 
with PBS, they were stained with a mixture of fluorescent dyes (Live/ 
Dead® BacLight™ Bacterial Viability Kit L7012, Life Technologies, 
Grand Island, NY, USA) according to the manufacturers’ procedure. The 
excitation wavelengths of live cells were 488 nm and showed a green 
fluorescence while dead cells appeared red at an excitation wavelength 
of 559 nm, respectively [7]. 

To remove biofilm and examine corrosion morphology, procedures 
were taken according to the Chinese National Standards (CNS) GB/T 
16545 − 1996. Briefly, samples were rinsed with distilled water, and 
then were exposed to 69.2 wt% nitric acid for 3 min to remove the 
corrosion products. Subsequently, the samples were ultrasonically 
cleaned using absolute ethanol. CLSM (LSM 710, Zeiss, Germany) was 
used to obtain the pits morphology. 

X-ray photoelectron spectroscopy (XPS, Thermo VG, USA) analysis 
was used to evaluate the chemical composition of the corrosion products 
on the coupon surfaces after 14 days of exposure to the culture medium 
with and without Vibrio species. The XPS wide range was from 0 to 1350 
eV. A monochromatic AI Kα X-ray source (1500 eV energy and 150 W 
power) was used within 50 eV pass energy and step size of 0.2 eV. The 
charge shifts were corrected using C 1s peak at 284.6 eV. 

Fig. 1. Variations of (a) EOCP and (b) RP during the 14 days of incubation in different culture media.  
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Fig. 2. The Bode and Nyquist plots of AA5083 coupons exposed to different media for different time: (a) (a’) sterile medium, (b) (b’) V. parahaemolyticus, (c) (c’) 
V. alginolyticus and (d) (d’) V. EF187016. 
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3. Results and discussion 

3.1. Electrochemical tests 

3.1.1. OCP and LPR 
Fig. 1(a) shows the variations of EOCP values of AA5083 specimens 

exposed to the sterile culture medium and inoculated medium with 
different Vibrio species for 14 days. In the sterile medium, EOCP of 
AA5083 gradually shifted towards the positive direction due to the 
oxidation of AA5083 and formation of passive layer on the surfaces [28]. 
Besides, In the presence of Vibrio species, the metabolic activity of the 
bacteria and detachment-attachment cycle of the biofilm resulted in the 
significant fluctuation in EOCP values [29]. 

The variations of LPR for AA5083 specimens during 14 days of 
exposure in the medium with and without Vibrio species are plotted in 
Fig. 1(b). It indicated that Rp values were almost stable with slight in-
crements during exposure of 14 days in the sterile medium. In the 
presence of Vibrio species, Rp increased dramatically on the second day 
and the resistance values were obviously higher than that in the sterile 
medium. The Rp values were in the ranking of V. parahaemolyticus > V. 
alginolyticus > V. EF187016 > sterile medium over time. Moradi et al. 
[25] reported that the inhibitory effect of Vibrio neocaledonicus sp. was 
observed after one hour of exposure due to the oxygen depletion. But in 
this work, all three Vibrio species showed their first inhibitory effect 
after 1 day when the biofilm already formed on the AA5083 surfaces. 
The possible reason to explain this phenomenon is that V. neocaledonicus 
sp. mainly relied on its strong oxygen depletion ability, by which it can 
consume the diffused oxygen in a very quick manner, leading to the 
corrosion prevention. While the Vibrio species tested in this work started 
to show their MICI effect after their biofilms were fully formatted, which 
also acted as a diffusion barrier to prevent the penetration of the cor-
rosive agents such as chloride ions. 

3.1.2. EIS 
Nyquist and Bode plots of all samples after exposure in 2216E me-

dium with and without Vibrio species for 1, 4, 7, 10 and 14 days are 
depicted in Fig. 2. The semicircle diameter of Nyquist plots (Fig. 2(a–d)) 
was obviously larger in the biotic medium than that of the abiotic 
control at each time point, reflecting that Vibrio species enhanced the 
corrosion resistances of AA5083. And a significant increased trend of 
impedance magnitude was also found in the biotic medium, which can 
be attributed to the biofilm formation and maturation on AA5083 sur-
faces during 14 days. The biofilm was supposed to act as a physical 
barrier and inhibit the penetration and diffusion of aggressive ions to 
AA5083 surfaces over the exposure time [23]. 

Bode-phase plots in Fig. 2(a’–d’) show a broad time constant joined 
by two-time constants for all the systems. The one in high frequencies 
could be attributed to a surface oxide layer and the formation of 
corrosion products on the metal surface, while the other one in low 
frequencies may be caused by the electric double layer, and the 
conjunction of the time constants indicated that the frequency responsed 

of these time constants were similar. For Vibrio species－containing 
medium, the capacitive behavior of the passive film at the low frequency 
zone can be attributed to the cumulative capacitive effect resulted from 
the formation of a biofilm [30]. In contrast, in the sterile medium, the 

Fig. 3. Equivalent electrical circuit of AA5083 in different culture medium 
during 14-day incubation. 

Table 1 
EIS fitting results of AA5083 coupons with and without Vibrio species in 2216E 
medium.  

Duration/ 
day 

Rs/Ω 
cm2 

Qf 
Rf/ 
Ω 
cm2 

Qdl 
Rct/ 
Ω 
cm2 

Σχ2 Yf/ 
Ω− 1sn 

cm2 

nf Ydl/ 
Ω− 1sn 

cm2 

ndl 

Sterile 
1 10.6 6.4 ×

10− 6 
0.8 3.2 

×

105 

7.4 ×
10− 6 

0.9 4.7 
×

105 

2.8 ×
10− 4 

4 8.4 7.0 ×
10− 6 

0.9 3.7 
×

105 

6.1 ×
10− 6 

0.9 1.3 
×

106 

5.1 ×
10− 5 

7 10.7 7.3 ×
10− 6 

0.8 2.7 
×

105 

5.5 ×
10− 6 

0.9 2.2 
×

106 

1.6 ×
10− 4 

10 11.0 7.3 ×
10− 6 

0.9 4.7 
×

105 

5.7 ×
10− 6 

0.9 3.5 
×

106 

2.4 ×
10− 5 

14 10.1 5.1 ×
10− 6 

0.9 4.7 
×

105 

7.8 ×
10− 6 

0.9 3.4 
×

106 

5.7 ×
10− 5 

V. parahaemolyticus 
1 13.8 6.6 ×

10− 6 
0.9 1.5 

×

105 

3.9 ×
10− 6 

0.9 5.2 
×

105 

4.1 ×
10− 5 

4 12.3 5.4 ×
10− 6 

0.9 5.7 
×

105 

3.3 ×
10− 6 

0.9 4.5 
×

106 

5.9 ×
10− 5 

7 13.3 2.2 ×
10− 6 

0.9 7.2 
×

105 

3.1 ×
10− 6 

0.9 6.7 
×

106 

5.4 ×
10− 5 

10 12.8 4.2 ×
10− 6 

0.8 7.8 
×

105 

3.4 ×
10− 6 

0.9 8.9 
×

106 

3.6 ×
10− 5 

14 12.4 1.2 ×
10− 6 

0.9 8.2 
×

105 

2.6 ×
10− 6 

0.9 1.3 
×

107 

6.4 ×
10− 5 

V. alginolyticus 
1 13.6 3.8 ×

10− 6 
0.9 1.4 

×

105 

5.4 ×
10− 6 

0.9 6.4 
×

105 

1.2 ×
10− 4 

4 10.6 3.2 ×
10− 6 

0.9 4.1 
×

105 

5.5 ×
10− 6 

0.9 4.6 
×

106 

7.4 ×
10− 5 

7 13.8 5.0 ×
10− 6 

0.9 5.6 
×

105 

4.7 ×
10− 6 

0.9 5.9 
×

106 

3.4 ×
10− 5 

10 8.4 2.0 ×
10− 6 

0.9 6.2 
×

105 

4.3 ×
10− 6 

0.9 6.0 
×

106 

1.4 ×
10− 4 

14 10.0 5.8 ×
10− 6 

0.9 7.1 
×

105 

4.1 ×
10− 6 

0.9 1.1 
×

107 

1.9 ×
10− 5 

V. EF187016 
1 10.6 4.1 ×

10− 6 
0.9 1.2 

×

105 

6.3 ×
10− 6 

0.9 5.1 
×

105 

1.1 ×
10− 4 

4 11.2 3.4 ×
10− 6 

0.9 4.0 
×

105 

5.7 ×
10− 6 

0.9 4.9 
×

106 

4.1 ×
10− 5 

7 12.6 0.8 ×
10− 6 

0.9 5.1 
×

105 

6.0 ×
10− 6 

0.9 4.4 
×

106 

5.5 ×
10− 5 

10 10.7 9.8 ×
10− 6 

0.9 6.0 
×

105 

5.7 ×
10− 6 

0.9 5.7 
×

106 

7.0 ×
10− 5 

14 9.5 2.1 ×
10− 6 

0.8 6.6 
×

105 

4.3 ×
10− 6 

0.9 8.2 
×

106 

1.1 ×
10− 4  
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resistive behavior was observed in all the range of frequency regions. 
Additionally, it can be observed that in the medium with Vibrio species, 
the abovementioned two time constants appeared at lower frequencies, 
indicating a slower corrosion reaction rates [31]. 

The EIS curves were fitted according to the proposed equivalent 
circuit as shown in Fig. 3, and all the obtained chi-squared (χ2) values 
were below 10− 4. Rs, Rct and Rf represent the solution resistance, charge 
transfer resistance and film resistance, respectively. It is necessary to use 
constant phase element (Q) instead of an ideal capacitance on account of 
the diffusion effect of the heterogeneity caused by electrode corrosion in 
the medium [30]. So Qf and Qdl are film capacitance and double layer 
capacitance, respectively. The impedance of CPE was evaluated from Eq. 
(1): 

ZCPE =

(
1
/Y0

)

(jω)− n (1)  

Where Y0 is the CPE parameter, j is the imaginary number, ω is the 
angular frequency and n is the CPE exponent (n and Y0 represent the 
quantity of surface inhomogeneity and the magnitude of admittance of 
the CPE) [32]. 

As shown in the equivalent circuit (Fig. 3), (RfQf) represents the 
external characteristics of the membrane layer, and (RctQdl) represents 
the interface features. In Table 1, the Qdl values for describing the 
capacitance of the double layer in the biotic systems were lower than 
those in the sterile system, confirming the decrease of electrical con-
ductivity [33]. The Rct values in the presence of different Vibrio species 
were much higher than those of the sterile medium, indicating higher 
corrosion resistance of AA5083 caused by the bacteria. The highest Rct of 
1.3 × 107 Ω cm2 during the incubation of 14 days was observed for 
V. parahaemolyticus. The other two Vibrio species, V. alginolyticus and V. 
EF187016, showed a similar trend and the Rct values reached 1.1 × 107 

Ω cm2 and 8.2 × 106 Ω cm2 after 14 days, respectively. In addition, Rf 
and Qf values revealed the characteristics of the metal surface film. 
Compared to the sterile medium, the Qf values were obviously 
decreased, indicating the increase of film thickness. The adsorption of 
the inhibited film on the metal surfaces lead to the decline of conduc-
tivity and the augment of Rf. Moreover, in the presence of Vibrio species, 
Rf values increased and Qf values decreased over time, demonstrating 
that the film layer gradually thickened and the protective effect 
enhanced. The order of the obtained maximum Rf was as follows: 
V. parahaemolyticus > V. alginolyticus > V. EF187016. The trend of Rf 
may be related to the thickness of biofilm covered on the AA5083 sur-
faces. The above data further indicated that the combination of biofilm 
and oxide film improved the densification of the surface film layer, and 

the substances secreted by microorganisms modified the mem-
brane/metal interface and increased the protective effect of the oxide 
layer [34,35]. The biofilm can serve with the oxide layer as an intact 
protective film. 

3.1.3. Potentiodynamic polarization curve 
Fig. 4 shows the potentiodynamic polarization curves for AA5083 

samples after 14 days of exposure to the sterile medium and the medium 
incubated with different Vibrio species. The corresponding Tafel analysis 
results are listed in Table 2. The estimated corrosion current density 
through Tafel fitting also demonstrated that icorr of AA5083 reduced 
approximately 5 folds in the presence of V. parahaemolyticus (4.42 nA 
cm− 2) and V. alginolyticus (4.87 nA cm− 2), while 3.33 folds in the 
presence of V. EF187016 (7.65 nA cm− 2) compared to that of the sterile 
medium (25.47 nA cm− 2). 

Pitting is always detrimental to AA in marine environments due to 
the penetration of chloride ions into the oxide layers [10]. According to 
the polarization curves, the pitting potential (Epit) shifted positively in 
the presences of all three Vibrio species, reflecting a better pitting 
corrosion resistance of AA5083. As shown in Fig. 4, the Vibrio species 
biofilm inhibited the kinetics of anodic reaction, slowed down the 
corrosion rate and increased the passivity of the AA5083. In addition, 
the presence of Vibrio species (specially V. parahaemolyticus and 
V. alginolyticus) also resulted in a small shift of the cathodic branch of the 
polarization curves leftward, showing the inhibiting effect of the 
cathodic reaction. 

3.2. Surface morphology analysis 

Fig. 5 shows the FESEM images of AA5083 surfaces after exposure in 
the culture medium inoculated with V. parahaemolyticus (a, a’), 
V. alginolyticus (b, b’) and V. EF187016 (c, c’) for 7 and 14 days, 
respectively. After 7 days, a heterogenous biofilm was covered on the 
AA5083 surfaces. The thickness and surface area of biofilm were 
increased over the exposure time, and a thicker and more uniform bio-
film was observed on the AA5083 surfaces in the presence of Vibrio 
species. 

Pitting morphology of the AA5083 surfaces immersed in the sterile 
medium and medium inoculated with different Vibrio species for 14 days 
was examined by CLSM as shown in Fig. 6. The maximum pit depth was 
determined by averaging the deepest 10 pits from each coupon surface 
(total of three coupons). The maximum pit depth on AA5083 exposed in 
the sterile medium was 5.4 μm. Pitting corrosion was also observed in 
the presence of Vibrio species, however, the pit depth and width were 
much smaller than those observed in the sterile medium as shown in 
Fig.7. For shallow pits, the activation energy for re-passivation required 
is less than deeper pits. Therefore, the shallow pits in the presence of 
biofilm may re-passivate faster, adhesion of biofilm enhancing the 
pitting corrosion resistance [36]. 

Moreover, the average maximum pit depth and pit density are listed 
in Table 3. Compared with the data in the abiotic medium, the Vibrio 
species significantly decreased the pit depth and pit density. Especially 
in the presence of V. parahaemolyticus, the average maximum pit depth 

Fig. 4. The polarization curves of AA5083 coupons after 14 days in the sterile 
medium and in the presence of V. parahaemolyticus, V. alginolyticus and 
V. EF187016. 

Table 2 
Corrosion parameters from the polarization curves for AA5083 coupons.  

Sample Ecorr/V vs. 
SCE 

icorr/nA 
cm− 2 

Epit/V vs. 
SCE 

Inhibition 
rate 

Sterile − 0.76 ±
0.12 

25.47 ±
6.99 

− 0.40 ±
0.05  

V. parahaemolyticus − 0.84 ±
0.08 

4.42 ±
0.88 

− 0.28 ±
0.00 

69.11 % 

V. alginolyticus − 0.83 ±
0.06 

4.87 ±
0.64 

− 0.30 ±
0.12 

59.91 % 

V. EF187016 − 0.81 ±
0.04 

7.65 ±
0.69 

− 0.31 ±
0.04 

53.44 %  
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reduced to 2.0 μm and the number of pits was only 117/cm2. The 2216E 
culture medium is composed of approximately 2% NaCl, which causes 
the pitting on AA5083 surfaces. The above results demonstrated the 
ability of Vibrio species for preventing the pitting corrosion by hindering 
the penetration of chloride ions. These results made a good agreement 
with the electrochemical results above. 

Pitting of AA5083 is a very complex process that can be affected by 
various factors [10]. The pH of the solution was measured during 14 
days of exposure in Fig. 8(a). All three Vibrio species could increase the 
solution pH, indicating that the bacterial metabolic activity didn’t have 
any acidic attack on the surface and the pitting was only caused by the 
penetration of chloride ions on AA5083 surfaces. 

3.3. Surface characterization 

Fig. 8(b) represents the broad XPS survey spectra of AA5083 speci-
mens exposed to the sterile medium and medium inoculated with 
different Vibrio species for 14 days. The main elements (Al 2p, Mg 1s, Ca 
1s, Na 1s, Cl 1s, C 1s, N 1s and O 1s) on the surfaces of AA5083 are listed 
in Table 4. The presence of C, N and O elements in the sterile medium 
was caused by the adsorption of organic macromolecules in the culture 
medium [14]. The higher concentration of C, N and O elements in the 
inoculated medium was attributed to the biofilm formation on the metal 
surfaces. 

To better understanding the composition of the corrosion products 
on the coupon surfaces, Al 2p core-level spectra of the coupon surfaces 
weas conducted (Fig. 8c–f). The core-level Al 2p spectrum could be 
deconstructed into two peaks at binding energy values of 72.5 and 74.6 

eV corresponding to the presence of Al and Al2O3 in the sterile medium. 
In the presence of Vibrio species, the Al peak disappeared, and Al(OH)3 
was detected in addition to Al2O3. The Vibrio species changed the type of 
oxide layer on the AA5083 surfaces by affecting the solution pH. It is 
well known that both Al2O3 and Al(OH)3 are amorphous, and Al(OH)3 
can decompose to Al2O3 by releasing water [37]. So, the changed oxide 
layer of AA5083 was not the main reason to improve the corrosion 
resistance in the presence of chloride ions. 

3.4. Biofilm observation 

To understand the corrosion inhibitory mechanism of Vibrio species 
on AA5083, the biofilm structure and thickness were examined using 
CLSM. As shown in Fig. 9, all three species formed a compact biofilm 
which covered almost the whole surfaces of AA5083 after 7 days of 
exposure. The average biofilm thickness calculated from the largest 
three biofilm thickness after 7 days was 39.2 ± 3.9 μm, 32.0 ± 2.7 μm 
and 28.5 ± 4.5 μm for V. parahaemolyticus, V. alginolyticus and V. 
EF187016, respectively. And the thickness increased to 48.8 ± 1.8 μm, 
39.1 ± 2.2 μm and 35.0 ± 3.7 μm after incubation of 14 days in the 
culture medium containing V. parahaemolyticus, V. alginolyticus and V. 
EF187016, respectively. The biofilm thickness data exhibited a good 
agreement with Rf values obtained from EIS results, while Rf and biofilm 
thickness showed the same ranking of V. parahaemolyticus > V. algino-
lyticus > V. EF187016. Herein, it can be concluded that the mature 
biofilm enhanced the corrosion resistance of AA5083. 

Fig. 5. FESEM images of biofilm formed on AA5083 coupon surfaces for 7 days and 14 days after exposure to (a) (a’) V. parahaemolyticus, (b) (b’) V. alginolyticus and 
(c) (c’) V. EF187016. 
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3.5. The inhibitory mechanism of Vibriospecies on AA5083 surfaces 

V. parahaemolyticus was selected for the further investigation of its 
corrosion inhibitory mechanism of AA5083 because of its highest 
inhibitory effect (69.11%). The attachment of sessile bacteria cells and 
their metabolites on the AA5083 surfaces were stained and observed 
after 12 and 24 h using CLSM according to the previously reported 
procedures [6]. In Fig. 10(a), blue, red and green represent the sessile 
cells, proteins, and polysaccharides respectively. After incubation of 12 
h, there was a large quantity of proteins and bacterial cells attached to 
the surfaces. After 24 h of exposure (Fig. 10b), the biofilm grew more 
mature, the protein and sessile cells were increased on the AA5083 
surfaces. The sessile cells occupied the bottom layer of the biofilm, and 
they were covered with proteins (dominant red color). However, only a 
small amount of polysaccharide was found on the surfaces. The variation 
of current versus time was measured after 1 and 7 days as shown in 
Fig. 10(c) and (d), the cathodic current of AA5083 in the presence of 
V. parahaemolyticus was much lower than that in the sterile medium, 
approving the corrosion inhibitory efficiency of the biofilm. The irre-
versible attachment stage always lasts up to 24 h, which is the second 
stage for biofilm formation [38]. The above data indicated that 
V. parahaemolyticus biofilm started to inhibit corrosion when irreversible 
attachment was achieved. When the matured biofilm was formed on the 
AA5083 surfaces after 7 days as shown in Fig. 9, the cathodic current 
shifted more negatively, indicating a better inhibitory efficiency with 
thicker and more mature biofilm. The above data indicated that the 
irreversible attachment of the V. parahaemolyticus started to inhibit the 
corrosion of AA5083, while mature biofilm showed much better inhib-
itory effect. The thicker biofilm may act as a better diffusion barrier 
against the penetration of aggressive ions, resulting in decreased 
corrosion rate and risk of localized attack. 

It is well known that Vibrio species are able to respire oxygen in 
aerobic environment, which is always a strong electron acceptor and 
corrosive agent [39]. Thus, the Vibrio species consumed up the oxygen 
underneath the biofilm, which provided a local anerobic environment 

Fig. 6. 3D CLSM images of the maximum pit depth on coupon surfaces after 14 days: (a) sterile medium, (b) V. parahaemolyticus, (c) V. alginolyticus and (d) 
V. EF187016. 

Fig. 7. Depth and width of the deepest pits observed on AA5083 coupon sur-
faces in the presence and absence of Vibrio sp. biofilm after immersion for 
14 days. 

Table 3 
The average maximum pit depth and pit density on the coupon surfaces after 14 
days.  

Sample Average maximum pit depth (μm) Pit density (1/cm2) 

Sterile 4.0 ± 0.8 266 ± 44 
V. parahaemolyticus 2.0 ± 0.2 117 ± 14 
V. alginolyticus 2.5 ± 0.3 167 ± 6 
V. EF187016 2.9 ± 0.5 177 ± 12  
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and facilitated the protection of the AA5083 from corrosion caused by 
the oxygen attack. It is previously reported that V. neocaledonicus sp. 
prevented the corrosion of carbon steel by depletion of oxygen [25]. 
Here, V. parahaemolyticus decreased the cathodic reaction which was 
closely related to the oxygen reduction. The biofilm can also prevent the 
diffusion of chloride ions to the coupon surface, achieving the protection 
of AA5083 matrix. The proposed corrosion inhibition mechanism by the 
Vibrio species was illustrated in Fig. 11. 

4. Conclusions 

In this work, MICI of AA5083 was investigated in the presence of 
three representative Vibrio species biofilm. All three Vibrio species 
showed the inhibitory effect against the corrosion of AA5083. Vibrio 

species biofilm decreased the corrosion current density and inhibited the 
pitting corrosion of AA5083. Based on surface analysis, thick and ho-
mogenous biofilm was formed by Vibrio species on the AA5083 surfaces. 
The biofilm behaved as a protective layer against the diffusion of cor-
rosive ions and consumed of the oxygen according to the electro-
chemical results. In addition, their inhibition efficiency increased over 
the exposure time as the biofilm matured and reached in 69.11% for 
V. parahaemolyticus, 59.91% for V. alginolyticus and 53.44% for V. 
EF187016 after 14 days. Our work provides a new insight into the MICI 
mechanism of AA from the perspective of biofilm protection. The Vibrio 
biofilm possess the potential to be a corrosion protection “material” in 
marine environment. 

Fig. 8. Variation of pH and XPS spectra of AA5083 coupons in different media for 14 days: (a) pH, (b) wide XPS spectra and spectra of Al 2p: (c) sterile medium, (d) 
V. parahaemolyticus, (e) V. alginolyticus and (f) V. EF187016. 

Table 4 
Surface element contents of AA5083 coupons measured by XPS.  

Atomic percent (%) Al Mg Ca Na Cl C N O 

Sterile 28.7 1.9 3.7 5.7 7.3 7.1 0.4 45.2 
V. parahaemolyticus 3.2 1.6 1.6 0.7 5.6 54.4 7.3 25.6 
V. alginolyticus 1.2 2.2 7.0 4.3 6.8 54.6 6.7 17.2 
V. EF187016 4.7 1.8 17.6 1.8 2.1 29.1 2.7 40.2  
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Fig. 9. 3D CLSM images of AA5083 coupons in the presence of (a) (a’) V. parahaemolyticus, (b) (b’) V. alginolyticus and (c) (c’) V. EF187016 after 7 days and 14 
days immersion. 

Fig. 10. 3D CLSM images and corrosion current of AA5083: 3D CLSM images of V. parahaemolyticus biofilms after (a) 12 h and (b) 24 h, corrosion current in sterile 
medium and in the presence of V. parahaemolyticus after (c) 1 day and (d) 7 days. 
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