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Abstract: Microbiologically influenced corrosion (MIC) is one of the key causes of material
failure in marine engineering, and sulfate-reducing bacteria (SRB) and iron-oxidizing bacte-
ria (IOB) are typical representatives of anaerobic and aerobic microorganisms, respectively.
These microorganisms are widely present in marine environments and can form synergistic
communities on the surface of metal materials, posing a corrosion threat to them. At the
same time, the presence of mixed bacteria may have an effect on cathodic protection, so
this study investigates the growth metabolism of mixed SRB and IOB under different
cathodic protection potentials in an impressed current cathodic protection (ICCP) system
in a marine environment containing SRB and IOB. It also examines the attachment of these
microorganisms to the anode and cathode, and the impact on cathodic protection efficiency.
The results indicate that in a marine environment containing IOB and SRB, the cathodic
protection efficiency of the ICCP system increases with the negative shift of the protection
potential. A more positive cathodic protection potential promotes the adhesion of mixed
bacteria on the electrode surface and the formation of a biofilm, which reduces cathodic
protection efficiency. In contrast, at a cathodic protection potential of −1.05 V (SCE), bac-
terial growth is inhibited, and a dense crystalline corrosion film primarily composed of
Fe2O3 and Fe(OH)3 forms on the cathode surface. This film effectively protects the cathodic
metal, significantly mitigating MIC.

Keywords: sulfate-reducing bacteria; iron-oxidizing bacteria; impressed current cathodic
protection; efficiency of cathodic protection; microbiologically influenced corrosion;
marine environment

1. Introduction
The marine environment is complex and contains a wealth of usable resources. In order

to efficiently and reasonably utilize these marine resources, many large-scale engineering
facilities have been put into operation. With the development and utilization of marine
resources, certain engineering facilities, such as oil and gas platforms, submarine cables,
cross-sea bridges, underwater transportation pipelines, and ships, are facing significant
corrosion threats [1–3]. Microbiologically influenced corrosion (MIC) is one of the main
causes of steel structure failure in marine facilities [4]. The corrosion loss caused by MIC
accounts for 20% of the total global corrosion loss [5]. As a result, the corrosion behavior
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of MIC on metal materials has attracted significant attention from researchers. MIC refers
to the attachment of microorganisms to metal surfaces, forming biofilms that influence
the kinetics of anodic or cathodic reactions [6]. Therefore, the occurrence of MIC is closely
related to the colonization of microorganisms on metal surfaces [7,8].

Impressed current cathodic protection (ICCP) technology is particularly suited for
protecting large structures and environments where operating conditions frequently change,
due to its advantages such as providing a large protective current, high driving voltage,
and the ability to automatically adjust the output of protective current in response to
varying conditions [9,10]. The ICCP system typically consists of components such as
a DC power supply, auxiliary anodes, and reference electrodes [11]. Although ICCP
systems can adapt to the complex and dynamic marine environment, their protection
efficiency can still be influenced by MIC [12–14]. In fact, MIC occurring in ICCP systems is
a complex bioelectrochemical process that involves multiple disciplines, including physics,
chemistry, electrochemistry, materials science, and microbiology [13,15]. The colonization,
metabolism, and corrosion product generation by microorganisms on the metal surface alter
the electrochemical properties of the metal–solution interface [16], which in turn impacts
the cathodic protection efficiency. At the same time, the microbial corrosion behavior
continually threatens the protected metal.

In actual marine environments, MIC is not caused by a single microorganism; it is often
the result of the synergistic coexistence of multiple microorganisms [17]. This phenomenon
of synergistic coexistence is most common at the aerobic and anaerobic interfaces, where
multiple microorganisms grow synergistically on the metal surface, depend on each other,
and form biofilms [18]. The production of extracellular polymeric substances (EPS) and
the accumulation of metabolic by-products continuously influence the electrochemical
properties of the metal–solution interface, which is a key factor leading to corrosion failure
of metal materials [19]. In this synergistic coexistence, the interdependence between sulfate-
reducing bacteria (SRB) and iron-oxidizing bacteria (IOB) is a typical example [19,20]. SRB,
as anaerobic microorganisms, are considered one of the common microbes responsible for
MIC [21–23]. Dong et al. [24] found that the colonization of SRB on metal surfaces and
the formation of biofilms lead to the production of a large amount of corrosion products,
which are unevenly attached to the metal surface, causing localized corrosion to intensify.
Guan et al. [25] studied the corrosion behavior of SRB under different cathodic polarization
potentials and found that the presence of SRB affects cathodic protection efficiency. At
a cathodic protection potential of −0.85 V (SCE), the metabolic activity of SRB was even
enhanced. Gu et al. [26] explained the mechanism of SRB-induced corrosion from the
perspective of extracellular electron transfer (EET). In the EET-MIC process involving SRB,
Fe releases electrons through the cell wall, which are ultimately used for sulfate reduction
in the SRB cytoplasm, leading to corrosion of steel materials. IOB also plays an important
role in the MIC process [6,27]. The aerobic IOB can use Fe2+ released from the metal surface
as an electron donor for metabolism [28], thus contributing to metal corrosion. These two
types of bacteria are closely connected. Specifically, IOB, as an aerobic microorganism,
consumes oxygen through its metabolism, forming a nodular layer with gradually depleted
oxygen content, thereby providing favorable conditions for the growth, metabolism, and
reproduction of SRB. Their mutual cooperation poses a significant threat to the integrity of
metals [29].

In an ICCP system, the cathodic protection potential determines the efficiency of
protection. If the cathodic protection potential is too positive, it may be insufficient to protect
the target metal, resulting in low cathodic protection efficiency. Conversely, if the cathodic
protection potential is too negative, overprotection may occur, leading to issues such
as hydrogen embrittlement [30]. Therefore, selecting a reasonable and effective cathodic
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protection potential is crucial. The choice of cathodic protection potential primarily depends
on the environment in which the protected metal is located while also considering the
impact of MIC. Currently, research on the interaction between different cathodic protection
potentials and MIC in ICCP systems mainly focuses on single species. However, for
complex systems like marine environments, it is essential to consider the synergistic effects
between multiple species and the mutual influence between these species and the cathodic
protection potential. Moreover, corrosion failures caused by the synergistic actions of
IOB and SRB are common in the working environments of marine engineering facilities.
Therefore, this study focuses on examining the impact of the synergistic effects of IOB and
SRB on cathodic protection efficiency under different cathodic protection potentials in an
ICCP system.

2. Materials and Methods
2.1. Electrode Material
2.1.1. Working Electrode

Offshore platform steel, commonly used in marine environments, was selected as the
working electrode. This type of steel is widely utilized in offshore platforms due to its
high strength, hardness, excellent corrosion resistance, and strong toughness. Its main
composition and proportions are listed in Table 1. The presence of small amounts of Mn and
Si can influence the steel’s microstructure, corrosion resistance, and electrical conductivity
depending on the cooling rate during forging and the environmental conditions. A copper
wire was soldered to the back of the electrode using tin and leaving a 1 cm2 surface area,
while the rest was sealed with epoxy resin. The working surface was polished stepwise
using SiC papers with grit sizes ranging from P120 to P3000 in a vertical direction [31],
followed by ultrasonic cleaning with distilled water and anhydrous ethanol. Before use,
the working electrode was exposed to UV light for at least 30 min to ensure no microbial
contamination.

Table 1. Composition of platform steel.

Element C Si Mn S P Cu Fe

Composition (wt.%) 0.19 0.18 0.59 0.015 0.015 0.15 98.86

2.1.2. Auxiliary Anode

Industrial-grade pure titanium with an externally sprayed ruthenium coating mixed-
metal oxide (MMO) was selected as the auxiliary anode. The surface was perforated for
connection to a lead wire, with a 1 cm2 surface area, while the remaining portions were
sealed with epoxy resin. Before the experiment, the anode was ultrasonically cleaned with
anhydrous ethanol and exposed to UV light for 30 min to eliminate any potential microbial
contamination. The prepared anode was stored in a sterile workspace until use.

2.2. Bacteria and Media

An SRB strain, Desulfovibrio caledoniensis, was isolated from marine sediment near the
coast of Qingdao. Studies have shown that this bacterium can directly acquire electrons
from an electrode [32–34]. An IOB, Pseudomonas sp., was isolated from the steel rust layer
in the Qingdao marine area. SRB was inoculated into sterilized modified Postgate’s C
(PGC) medium [25], with the following specific formulation: 0.5 g K2HPO4, 1.0 g NH4CL,
0.06 g CaCl2·6H2O, 0.06 g MgSO4·7H2O, 6 mL 70% sodium lactate, 0.3 g sodium citrate,
1 g yeast extract, and 1 L natural seawater from the Qingdao coastal area. High-purity N2

gas was bubbled through the medium for 20 min to expel O2. IOB was inoculated into
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sterilized modified Winogradsky medium [35], with the following specific formulation: 10 g
ammonium iron citrate, 0.5 g MgSO4·7H2O, 0.5 g NaNO3, 0.5 gK2HPO4, 0.5 g (NH4)2SO4,
0.2 g CaCl2, and 1 L sterilized natural seawater. After culturing both microorganisms at
30 ◦C for 5 days until the exponential growth phase, they were harvested for the biological
experiments. The IOB and SRB strains were mixed with the corresponding culture media
and sterilized seawater in appropriate proportions to prepare the mixed-bacteria seawater
experimental solution, the SRB seawater experimental solution, and the IOB seawater
experimental solution, respectively. Details are provided in Table 2.

Table 2. Volume Composition of Different Experimental Solutions.

Experimental Solution
Type

SRB Strains
(mL)

IOB Strains
(mL)

SRB Culture
Medium (mL)

IOB Culture
Medium (mL)

Sterile Natural
Seawater (mL)

Total Volume
(mL)

Mixed Bacterial
Seawater Solution 10 10 40 40 900 1000

SRB Seawater Solution 10 0 90 0 900 1000
IOB Seawater Solution 0 10 0 90 900 1000

All bacterial culture media were sterilized in an autoclave at 121 ◦C for 20 min after
adjusting the pH to 7.2 ± 0.1 using 2 mol/L NaOH prior to inoculation. After cooling,
the media were inoculated and stored in wide-mouth bottles. The bottles were sealed
with rubber stoppers, and a hole was made in the stopper to insert a sterile syringe
for sampling. The sterile syringe was sealed with a 0.22 µm filter membrane to ensure
air circulation between the bottle and the outside environment during the experiment.
The initial inoculum concentration of SRB was 4.6 × 108/mL, and the initial inoculum
concentration of IOB was 2.6 × 108/mL. During the 15-day experiment, samples were
taken daily through the sampling port. The SO4

2− concentration in the mixed bacterial
experimental solution was measured using a DX-120 ion chromatograph (DX-120, Thermo
Fisher Scientific, Waltham, MA, USA) with an Anion Separation Column (Dionex AS
9-HC, Thermo Fisher Scientific, Waltham, MA, USA). The optical density (OD) value of
the mixed bacterial experimental solution was measured at 600 nm using a UV–visible
spectrophotometer (Evolution 300, Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Electrochemical Tests

A multi-channel potentiostat (CHI1030C, Shanghai CH Instruments, Shanghai, China)
was used to apply cathodic protection potentials of −0.85 V (SCE), −0.95 V (SCE), and
−1.05 V (SCE) to the mixed-bacteria seawater experimental solution containing IOB and
SRB under a constant temperature of 30 ◦C. The experiment was conducted for 15 days,
with continuous monitoring of current variations. After the 15-day continuous experiment,
electrochemical tests were performed on the platform steel. Electrochemical tests were con-
ducted using a Princeton P4000 electrochemical workstation (P4000A, Princeton Applied
Research, Oak Ridge, TN, USA) with a three-electrode system. A platinum plate with an
exposed area of 1 cm2 was used as the counter electrode, a saturated calomel electrode (SCE)
was used as the reference electrode, and a Luggin capillary was employed to minimize
the IR drop. The platform steel, after 15 days of cathodic protection at different cathodic
protection potentials in the mixed-bacteria seawater experimental solution containing IOB
and SRB, was used as the working electrode. Open circuit potential (OCP) measurements,
electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization tests
were conducted in a 3.5% NaCl solution at room temperature (26 ◦C). Electrochemical
impedance spectroscopy was performed under open circuit potential, with a sinusoidal
voltage amplitude of 10 mV and a scanning frequency range from 10−2 Hz to 10−5 Hz.
The test results were analyzed and fitted using the ZsimpWin Version 3.21 software. The
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potentiodynamic polarization curve was scanned from −0.5 V vs. OCP to +0.5 V vs. OCP,
with a scan rate of 0.1 mV/s.

2.4. Weight Loss Tests

For each test condition, three cathodic protection potentials of −0.85 V (SCE), −0.95 V
(SCE), and −1.05 V (SCE) were set, with three parallel samples for each potential to ensure
the reproducibility of the experimental results. Acid washing solution was used to remove
the biofilm and corrosion products from the surface of the platform steel. The samples were
then washed sequentially with distilled water and anhydrous ethanol and finally dried
with high-purity N2. Based on the weight loss of the samples, the uniform corrosion rate
(Vcorr, mm/y) of the platform steel was calculated using Equation (1).

Vcorr =
8.76 × 104 × ∆m

ρAt
(1)

where ∆m is the weight difference of the sample before and after immersion, ρ is the
density of the sample (g/cm3), A is the exposed surface area of the sample (cm2), and t is
the immersion time (h).

2.5. Surface Morphology Analysis
2.5.1. Scanning Electron Microscope (SEM) Observation

After the 15-day experiment, the working electrodes subjected to different cathodic
protection potentials were removed from the corresponding experimental solutions and
rinsed with sterilized PBS solution to remove any unadsorbed suspended particles from the
surface. The specimens were then fixed in 2.5% glutaraldehyde for 2 h. Dehydration was
carried out sequentially using 50%, 70%, 90%, and 100% ethanol for 15 min each, followed
by vacuum critical-point drying and gold sputter coating. A scanning electron microscope
(SEM, VEGA3, TESCAN, Brno, Czech Republic) was used for observation. Additionally,
the fracture morphology of the electrodes was examined, and the corrosion products and
biofilm thickness on the surface were measured. The elemental composition of the corrosion
products was analyzed using energy dispersive spectroscopy (EDS, XFlash® 6-60, Bruker,
Berlin, Germany). The chemical composition of the corrosion products was analyzed by
X-ray diffraction (XRD, SmartLab, Rigaku, Tokyo, Japan).

2.5.2. Fluorescence Microscopy Observation

After 15 days of immersion, electrodes subjected to different cathodic protection
potentials were removed from the medium to evaluate microbial adhesion on the MMO
anode surface via fluorescence staining. The electrodes were first rinsed with sterile PBS
to eliminate loosely attached suspensions. The working surface was then stained using
a mixture of SYTO-9 and propidium iodide (PI) dyes, followed by a 15-min incubation
in darkness to ensure a complete reaction. Subsequently, fluorescence microscopy (BX53,
Olympus, Tokyo, Japan) was employed to examine the stained electrodes and assess the
distribution and viability of surface-adhered microorganisms.

2.5.3. Confocal Laser Scanning Microscope (CLSM) Observation

After the 15-day experiment, the working electrodes were removed from the corre-
sponding experimental solutions and acid-washed using a corrosion product acid washing
solution. The samples were then rinsed with deionized water to remove the acid washing
solution and quickly dried with nitrogen. Finally, the samples were observed under a con-
focal laser scanning microscope (CLSM, LSM 800, Carl Zeiss AG, Oberkochen, Germany)
to measure the depth and width of the surface corrosion pits.
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3. Results and Discussion
3.1. Effects of Different Cathodic Protection Potentials on the Growth Metabolism of IOBs in
Synergistic Coexistence with Srbs

Optical density (OD) is commonly used in microbiological research to measure bacte-
rial growth. It provides an objective indication of microbial population size, particularly for
free-floating microorganisms in solution, allowing for a more intuitive assessment of their
quantitative variations [36]. Figure 1 shows the variation in OD values in the IOB and SRB
mixed seawater experimental solution. Under all three cathodic protection potentials, the
OD values of the mixed bacteria showed an initial increase followed by a decrease. On one
hand, this is because, as the experiment progresses, the mixed bacteria first gradually enter
the logarithmic growth phase, then transition to the stationary phase, and eventually enter
the decline phase [37]. On the other hand, the colonization of the mixed bacteria on the
electrode surface, changing from a free-living to an attached state, also leads to a gradual
decrease in the free bacteria. Furthermore, it can be observed that under the −0.85 V (SCE)
cathodic protection potential, the OD value of the mixed bacteria is the highest, indicating
that the more positive cathodic protection potential promotes the growth of the mixed
bacteria. Under the −0.95 V (SCE) cathodic protection potential, the OD value decreased
more rapidly, likely due to the weakening of the dominance of individual bacterial species
or the colonization of mixed bacteria on the electrode surface. Under the −1.05 V (SCE)
cathodic protection potential, the OD value of the mixed bacteria was the lowest, which
can be attributed to the production of hypochlorous acid [38] (Equation (2)), which exerts
an inhibitory effect on the mixed bacteria. Overall, with the negative shift of the cathodic
protection potential, the number of free-living mixed bacteria gradually decreased.

Cl2 + H2O → +HClO + H+ + Cl− (2)
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Figure 1. Variation of optical density values over 15 days under different cathodic protection
potentials in the mixed bacterial seawater experimental solution at a constant temperature of 30 ◦C.

SRB uses sulfate ions (SO4
2−) as the final electron acceptor, so the concentration of

SO4
2− can indirectly reflect the metabolic activity of SRB [39]. Figure 2 shows the variation

in SO4
2− ion concentration in the mixed bacterial experimental solution under different

cathodic protection potentials. By examining the changes in SO4
2− concentration, the

metabolic and reproductive activity of SRB in the mixed bacteria can be directly understood.
Additionally, combining this with OD values allows for an inference about the growth
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and metabolism of IOB. From the figure, it can be seen that the ion concentration of SO4
2−

under all three cathodic protection potentials shows a decreasing trend. Under the −0.85 V
(SCE) cathodic protection potential, the concentration of SO4

2− decreased most significantly.
From day 1 to day 2, the SO4

2− concentration decreased slowly, during which SRB began
to metabolize, but their numbers were still low. From day 2 to day 6, the concentration of
SO4

2− decreased rapidly, as SRB proliferated and metabolized in large numbers. From day
6 to day 15, the rate of decrease slowed down. Under the −0.95 V (SCE) cathodic protection
potential, from day 1 to day 3, SRB metabolism was slow. From day 3 to day 6, the
SO4

2− concentration decreased rapidly, indicating rapid growth and proliferation of SRB.
From day 6 to day 15, SRB metabolism slowed down. Under the −1.05 V (SCE) cathodic
protection potential, the SO4

2− concentration decreased slowly from day 1 to day 4, during
which SRB began to grow and reproduce. From day 4 to day 10, the concentration of SO4

2−

decreased rapidly, with SRB’s metabolism and reproduction reaching their peak. From
day 10 to day 15, the decrease in SO4

2− concentration slowed down as SRB metabolism
stabilized and entered the decline phase. Overall, as the cathodic protection potential
shifted in the positive direction, the consumption rate of SO4

2− gradually increased. This
is attributed to the varying degrees of SRB inhibition under different cathodic protection
potentials. At more negative cathodic protection potentials, the metabolic activity of SRB is
suppressed, weakening its sulfate-reducing capability and slowing the decline in sulfate
concentration. As the cathodic protection potential becomes more positive, SRB inhibition
decreases. At −0.85 V (SCE), the metabolic activity of SRB may even be promoted, leading
to an accelerated sulfate-reduction rate with the positive shift of the cathodic protection
potential.
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By combining the changes in OD values and SO4
2− ion concentrations, the following

analysis can be made: under the −0.85 V (SCE) cathodic protection potential, from days
1 to 2, the concentration of SO4

2− decreased slowly, while the OD value showed a rapid
increase. This indicates that SRB metabolism is slow during this period, while IOB grows
and proliferates rapidly. From days 2 to 6, the SO4

2− concentration decreased rapidly, as the
rapid metabolism of IOB consumed large amounts of oxygen, creating favorable conditions
for SRB growth and proliferation. As SRB gradually became the dominant species, IOB
metabolism weakened, and the oxygen concentration in the solution rose [40]. From days 6
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to 15, SRB’s metabolic intensity gradually weakened. Similarly, under the −0.95 V (SCE)
cathodic protection potential, from days 1 to 3, the SO4

2− concentration decreased slowly,
while the OD value rose rapidly. During this time, IOB proliferated in large numbers and
began to consume the oxygen in the solution, creating an anaerobic environment for SRB.
From days 3 to 6, SRB gradually became the dominant species and started to proliferate
significantly. From days 6 to 15, as IOB metabolism weakened, SRB metabolism also slowed
down. Under the −1.05 V (SCE) cathodic protection potential, from days 1 to 4, IOB
proliferated rapidly, causing the OD value to rise quickly. From days 4 to 10, SRB began to
proliferate in large numbers due to the anaerobic environment created by IOB. From days
10 to 15, as the anaerobic environment gradually diminished, SRB metabolism weakened.
Comparing the abrupt changes in OD values and SO4

2− concentrations under the three
cathodic protection potentials, it can be observed that the OD value decreased gradually
after day 6, indicating a reduction in free microorganisms after this point. The phenomenon
of the SO4

2− ion concentration decrease slowing down can be seen after day 10, suggesting
that during the period from days 6 to 10, SRB metabolism and proliferation remained high,
but free microorganisms decreased. Therefore, the number of microorganisms attached to
the electrode surface tended to increase during this period.

Based on the changes in OD values and SO4
2− ion concentrations, it can be concluded

that in the mixed culture of IOB and SRB, IOB rapidly proliferates and metabolizes in
the early stage, consuming oxygen in the solution, reducing oxygen content, and creating
a low-oxygen interface on the electrode surface. This provides favorable conditions for
the anaerobic SRB to grow and metabolize. As time progresses, SRB gradually becomes
the dominant species and begins to colonize the electrode surface [35]. Under the three
cathodic protection potentials, at −0.85 V (SCE), the number of free mixed bacteria was
higher, and SRB metabolism was the most rapid, indicating that at this cathodic protection
potential, the growth and metabolism of mixed bacteria are promoted. At −1.05 V (SCE),
there were fewer free mixed bacteria, and SRB metabolism was the slowest, suggesting that
at this potential, the growth and metabolism of mixed bacteria are suppressed.

3.2. Effect of Synergistic Coexistence of IOB and SRB on the Corrosion Rate of Protected Metals at
Different Cathodic Protection Potentials

The weight loss test can be used to determine the overall corrosion rate, providing
insight into the effect of the synergistic interaction between mixed bacteria on the corrosion
behavior of the protected metal. Figure 3 presents the variation in corrosion rate of the
cathodic metal under different cathodic protection potentials after 15 days of cathodic
protection in four environments: sterile, single-SRB, single-IOB, and mixed bacterial con-
ditions. Compared to the control group without cathodic protection, the application of
cathodic protection reduced the corrosion rate in all experimental groups. However, the
protection efficiency was dependent on the applied cathodic protection potential. In the
sterile and single-bacteria groups, the corrosion rate of the protected metal was minimized
at a cathodic protection potential of −0.95 V (SCE), whereas at −0.85 V (SCE), the corrosion
rate was relatively higher. In contrast, in the mixed bacterial group, the lowest corrosion
rate was observed at −1.05 V (SCE), while at −0.85 V (SCE), the corrosion rate remained rel-
atively high. These findings indicate that under the synergistic interaction of IOB and SRB,
the effectiveness of cathodic protection at different potentials varies, leading to changes
in the cathodic protection efficiency of the protected metal. Previous studies have shown
that −0.95 V (SCE) is more suitable for ICCP systems in a single-species environment [25],
but for mixed bacterial species, an effective cathodic protection potential requires a more
negative shift.
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3.3. Effect of Different Cathodic Protection Potentials on the Colonization of Mixed Strains on
Cathodes and Anodes

The colonization of microorganisms on metal surfaces and the formation of biofilms
are the main causes of MIC [41]. In an ICCP system, different cathodic protection potentials
have varying effects on microorganisms, which results in different attachment behaviors
on the electrodes. For auxiliary anodes, microbial colonization is often accompanied by the
production of corrosion products [42]. The attachment of biofilms and corrosion product
layers on the auxiliary anode alters the electrochemical activity of the anode surface,
influencing the anode reaction and consequently affecting cathodic protection efficiency.
For the protected metal, the formation of biofilms is associated with the occurrence of MIC,
which means that in addition to the corrosion threat caused by environmental factors, the
protected metal also faces the threat of MIC.

3.3.1. Mixed Bacterial Colonization on the Anode Surface at Different Cathodic
Protection Potentials

Fluorescence staining and fluorescence microscopic observation of the MMO anode
surface revealed the colonization of mixed bacteria, as shown in Figure 4. At a cathodic
protection potential of −0.85 V (SCE) (Figure 4a), there was almost no colonization of
mixed bacteria on the anode surface. This is because at this potential, mixed bacteria
tend to colonize the cathode surface and form biofilms. The relatively positive cathodic
protection potential does not suppress the mixed bacteria, while the colonization of IOB on
the cathode metal surface provides a favorable anaerobic environment for SRB. At −0.95 V
(SCE) (Figure 4b), mixed bacteria are more likely to colonize the anode surface, and a large
number of microorganisms are attached to the MMO anode surface, mainly distributed in
the grooves of the MMO anode. On the one hand, this is due to the hydrogen evolution
reaction occurring at the cathode (Equation (3)), which makes the environment near the
cathode more alkaline, unfavorable for the growth of IOB, and unable to create an anaerobic
environment for SRB. However, the region near the anode is relatively neutral, which makes
IOB more likely to survive near the anode [43,44]. At the same time, SRB’s growth and
reproduction also migrate along with IOB. On the other hand, the rough surface of the
MMO anode also provides favorable conditions for the colonization of mixed bacteria. At
a cathodic protection potential of −1.05 V (SCE) (Figure 4c), there was a small amount of
mixed bacteria colonizing the MMO anode surface, but they were widely scattered and
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showed no tendency to form biofilms. The higher cathodic protection potential leads to
the production of Cl2 (Equation (4)) and the generation of HClO (Equation (2)) during the
anode reaction. HClO has bactericidal effects [45,46], which prevents mixed bacteria from
forming biofilms on the anode surface, even though they tend to colonize there.

2H2O + 2e− → H2 + 2OH− (3)

2Cl− → Cl2 + 2e− (4)
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3.3.2. Mixed Bacterial Colonization of Cathode Surface at Different Cathodic
Protection Potentials

To further investigate the colonization of mixed bacteria on the anode and cathode,
a scanning electron microscopy (SEM) was performed on the cathode metal, as shown in
Figure 5. It is evident from the images that, at different cathodic protection potentials, the
cathode metal surface shows adhesion of mixed bacteria or corrosion products, which can
affect the electrochemical activity of the cathode metal, thereby impacting the cathodic pro-
tection efficiency of the ICCP system [47]. Specifically, at the cathodic protection potential
of −0.85 V (SCE) (Figure 5a,a1), the cathode surface showed the most severe colonization
of mixed bacteria, with a large amount of EPS matrix encapsulating the mixed bacteria and
forming a dense biofilm. At this point, the relatively positive cathodic protection potential
stimulated the growth of mixed bacteria [25]. In the early stages of the experiment, IOB
began to colonize the cathode metal surface and rapidly metabolize, consuming oxygen and
creating an anaerobic interface suitable for SRB growth. In the middle of the experiment,
SRB began to colonize the cathode metal surface and formed a biofilm in cooperation with
IOB. At the cathodic protection potential of −0.95 V (SCE) (Figure 5b,b1), EPS matrix and
mixed bacteria can be observed on the cathode metal surface, but a complete biofilm had
not yet formed, though there was a trend toward biofilm formation. At the cathodic protec-
tion potential of −1.05 V (SCE) (Figure 5c,c1), no obvious colonization of mixed bacteria
could be observed on the cathode metal surface. However, a large number of crystalline
corrosion products were attached to the cathode metal surface. At this cathodic protection
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potential, the colonization of mixed bacteria on the cathode metal surface was suppressed,
but the corrosion products generated by the metabolism of free mixed bacteria still attached
to the cathode metal surface. The dense corrosion products adhered to the cathode metal
surface, which, on one hand, can alter the electrochemical activity of the cathode metal; on
the other hand, their uneven distribution can lead to localized corrosion [48].
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(c,c1) −1.05 V (SCE).

3.3.3. Analysis of Cathodic Fracture Morphology and Corrosion Products at Different
Cathodic Protection Potentials

To further investigate the adhesion of biofilms and corrosion products on the cathode
metal surface under different cathodic protection potentials and to understand the com-
position of the corrosion products and biofilm, a cross-sectional analysis of the cathode
metal surface was performed. The fracture morphology was observed using SEM, and the
element distribution of the biofilm and corrosion product layers was analyzed. Figure 6
shows the fracture morphology and element distribution of the biofilm and corrosion
product layers on the cathode metal surface under different cathodic protection potentials.
From left to right, the substrate of the cathode metal and the corrosion film (corrosion
products and biofilm) can be clearly distinguished. At the cathodic protection potential of
−0.85 V (SCE) (Figure 6a), the corrosion film thickness was measured to be approximately
32.8 µm. The corrosion film was rich in O, S, Cl, and C; at the cathodic protection potential
of −0.95 V (SCE) (Figure 6b), the corrosion film thickness was approximately 35.39 µm,
similarly rich in O, S, Cl, and C; at the cathodic protection potential of −1.05 V (SCE)
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(Figure 6c), the corrosion film thickness was approximately 150 µm. The corrosion film
primarily contained Fe, O, Cl, and C, with a lower amount of C compared to the −0.85 V
(SCE) and −0.95 V (SCE) corrosion films. Based on the analysis of the cathode metal surface
morphology, it can be concluded that, at the cathodic protection potentials of −0.85 V (SCE)
and −0.95 V (SCE), the corrosion film was predominantly biofilm, while at −1.05 V (SCE),
the corrosion film was primarily composed of corrosion products. Thus, it can be inferred
that the presence of C in the corrosion film mainly originates from the biofilm. Additionally,
the S element in the corrosion film primarily comes from the metabolic products of SRB
involved in the MIC process. However, at the −1.05 V (SCE) cathodic protection potential,
the corrosion film on the cathode metal surface contained very little S, indicating minimal
SRB metabolism at this potential. The corrosion products at this potential are mainly due
to IOB involvement in MIC. The distribution of O elements indicates the presence of IOB
on the cathode metal surface. At the cathodic protection potentials of −0.85 V (SCE) and
−0.95 V (SCE), the distribution of O elements gradually decreased from the outer to the in-
ner layers of the corrosion film, indicating that IOB were primarily in the outer layers, while
SRB were mainly in the inner layers. At the −1.05 V (SCE) cathodic protection potential,
the O element distribution in the corrosion film was relatively uniform, suggesting that IOB
were distributed throughout the entire corrosion layer. Furthermore, at all three cathodic
protection potentials, the enrichment of Cl elements was relatively lower at −1.05 V (SCE).
Huang et al. [49] found that sulfide films (such as FeS) covering the metal surface have
an anion selectivity, meaning that Cl elements accumulate on the metal surface due to the
selectivity of iron sulfides for anions. The accumulation of Cl elements through corrosion
products on the metal surface can influence the corrosion of the metal substrate.

Figure 7 shows the X-ray diffraction (XRD) analysis results of the corrosion products
on the cathodic metal after 15 days of cathodic protection at different cathodic protection
potentials in a 30 ◦C mixed bacterial marine environment. The corrosion products on the
cathode metal surface at the three different cathodic protection potentials all contained
Fe2O3 and Fe(OH)3, which are the main products of IOB metabolism [50]. This indicates
that IOB participated in the MIC process at all three cathodic protection potentials. At
−0.85 V (SCE) and −0.95 V (SCE) cathodic protection potentials, the corrosion product
film contained FeS, while at −1.05 V (SCE), the corrosion product film did not contain FeS.
This result is consistent with the EDS analysis, which indicates that at the more negative
cathodic protection potential, the MIC caused by mixed microbial species involved only
a small amount of SRB. At the same time, based on the morphology of the characteristic
peaks, it can be observed that the FeS characteristic peaks were more pronounced at the
cathodic protection potential of −0.95 V (SCE). This is because, as the cathodic protection
potential shifts negatively, the activity of SRB is gradually inhibited, leading to the stabi-
lized formation of FeS. With sufficient time for crystallization, larger grains are formed.
This indicates that as the cathodic protection potential shifts negatively, the formation of
corrosion products becomes progressively more stable.
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In summary, there are significant differences in the colonization of mixed bacteria
and the attachment of corrosion products on the cathodic and anodic surfaces at different
cathodic protection potentials. At −0.85 V (SCE), the mixed bacteria attachment on the
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anode surface was not prominent, while a dense biofilm formed on the cathode surface.
At this potential, the mixed bacteria were more likely to colonize the cathode. At −0.95 V
(SCE), mixed bacteria were observed to colonize both the cathode and anode surfaces, with
the most severe colonization occurring on the anode. At −1.05 V (SCE), mixed bacteria
colonization on both the cathode and anode surfaces was not obvious, with a large number
of crystalline corrosion products attached to the cathode surface and a small amount of
mixed bacteria attached to the anode surface but with no biofilm formation. The different
surface morphologies of the anode and cathode affect the electrochemical activity, and
consequently, they influence the cathodic protection efficiency at the corresponding cathodic
protection potentials [51]. Analysis of the OD value results revealed that at −0.85 V (SCE),
the mixed bacteria OD value was the highest, with the most severe microbial attachment
on both the anode and cathode surfaces. At this potential, the growth and reproduction
of mixed bacteria were stimulated, whether in free or attached form. At −1.05 V (SCE),
the number of free mixed bacteria was the lowest, and microbial attachment on the anode
and cathode surfaces was minimal. At this potential, the growth and metabolism of mixed
bacteria were inhibited, which is related to the suppression effect of the more negative
potential on microorganisms and the production of HClO on the anode [52]. Analysis of
the fracture morphology and elemental distribution of corrosion films on the cathode metal
surfaces at the three cathodic protection potentials indicated that at −0.85 V (SCE) and
−0.95 V (SCE), the corrosion film was primarily composed of biofilm, with IOB and SRB
acting synergistically in the MIC process. The IOB were distributed in the outer layer of
the corrosion film, while the SRB were located in the inner layer of the corrosion film. At
−1.05 V (SCE), the corrosion layer was mainly composed of corrosion products, with dense
corrosion products adhering to the metal substrate surface. The primary microorganism
involved in the MIC process is IOB, while SRB plays a minimal role in the corrosion process.
The analysis of corrosion products further supports this conclusion.
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3.4. Effect of Synergistic IOB and SRB on Cathodic Protection Efficiency at Different Cathodic
Protection Potentials

By applying different cathodic protection potentials in the ICCP system and measuring
the current over 15 days in a marine environment containing mixed bacteria, the variation
in cathodic protection efficiency at specific potentials can be analyzed. As shown in
Figure 8, the calculated changes in current density over time for different cathodic protection
potentials are presented. For all three cathodic protection potentials, the current density
initially shifted in the positive direction before transitioning to a more negative value
over time. This trend is attributed to the presence of an oxide film on the protected metal
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surface in the early stages of the experiment, which reduces its electrochemical activity,
resulting in a relatively positive current density. As the immersion time increased, the
mixed bacteria began to metabolize and proliferate, leading to the degradation of the oxide
film and an increase in the electrochemical activity of the metal, which in turn caused the
current density to shift in the negative direction. Among the three cathodic protection
potentials, the current density at −0.85 V (SCE) was the least negative, while at −1.05 V
(SCE), it was the most negative, indicating differences in cathodic protection efficiency
across the tested potentials. Specifically, at the cathodic protection potential of −0.85 V
(SCE), the relatively positive potential failed to provide sufficient protection for the cathodic
metal [25]. Additionally, the adhesion of mixed bacteria and the formation of a biofilm
on both the anode and cathode surfaces hindered electrochemical reactions, resulting
in a less negative current density and lower cathodic protection efficiency. At −0.95 V
(SCE), as immersion time increased, mixed bacteria began to colonize the cathode and
anode surfaces. However, due to the low compactness of the biofilm and the absence of a
fully developed structure, the influence on the electrochemical reactions remained limited.
Meanwhile, the accumulation of microorganisms and corrosion products on the cathode
alters the surface morphology, affecting its electrochemical activity. Consequently, the
initial protective current density became insufficient to maintain the designated cathodic
protection potential, leading to a continuous shift toward more negative current density
over time. When the cathodic protection potential shifted negatively to −1.05 V (SCE),
a more negative current density was required to sustain this potential, resulting in an
initially more negative current density compared to the other two cathodic protection
potentials. Notably, after three days of experimentation, a significant negative shift in
current density was observed. At this stage, IOB proliferated extensively and generated
corrosion products. Subsequently, a large amount of dense corrosion products adhered
to the cathodic metal surface, forming crystalline structures that significantly altered its
electrochemical activity. To maintain the highly negative cathodic protection potential, the
current density underwent a pronounced negative shift.
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In a marine environment containing mixed IOB and SRB, the corrosion film formed
under a more negative cathodic protection potential, which is primarily composed of
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corrosion products and has a greater impact on altering the electrochemical activity of
the electrode surface compared to the biofilm-dominated corrosion film formed under
a more positive cathodic protection potential. The dense corrosion products adhering
to the protected metal surface reduce its electrochemical activity, leading to a negative
shift in current density. At the same time, the corrosion product film acts as a protective
barrier, shielding the cathodic metal from MIC, thereby enhancing cathodic protection
efficiency [53].

Because the anodic dissolution process of the protected metal follows the Tafel law, it
can be assumed that only one electrode reaction occurs in the strong polarization region of
the Tafel polarization curve on the electrode surface. Assuming that the reaction’s kinetic
mechanism remains unchanged from the corrosion potential to the measured polarization
potential, the kinetics of this reaction can be analyzed using the following expression [25].
The relationship between the cathodic protection potential Epr and the anodic dissolution
current Ia under Epr can be expressed as follows:

Epr = Ecorr + βaln
Ia

Icorr
(5)

Ia = Icorrexp[
2.303 × ∆E

βa
] (6)

∆E = Epr − Ecorr (7)

βa =
ba

ln10
(8)

Ecorr represents the corrosion potential of platform steel under non-polarized con-
ditions, and Icorr represents the corrosion current density of platform steel under non-
polarized conditions.

In the strongly polarized region, log |Ia| is proportional to ∆E; ba and Icorr can be
calculated from the polarization curves; therefore, Ia at the protection potential Epr can be
calculated from Equation (6) [54].

Figure 9 shows the cathodic metal potentiodynamic polarization curves after 15 days
of immersion in a marine environment containing IOB and SRB at different cathodic
protection potentials. The results are shown in Table 3. The parameters are as follows:

ba: anodic Tafel slope.
Ecorr: corrosion potential.
Icorr: corrosion current density at the corrosion potential.
Ia: anodic dissolution current density at the respective cathodic protection potential.

Table 3. Fitting parameters of potentiodynamic polarization curves of cathodic metal without removal
of corrosion products and surface microorganisms after 15 days of cathodic protection under different
cathodic protection potentials in a mixed bacterial marine environment at a constant temperature of
30 ◦C.

Condition −0.85 V (SCE) −0.95 V (SCE) −1.05 V (SCE)

Icorr (µA·cm−2) 22.91 33.11 42.66
Ecorr (mV vs. SCE) −920 −892 −941

ba (mV dec−1) 5447.39 3171.41 2008.00
Ia (µA cm−2) 24.53 30.05 32.00
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Figure 9. Potentiodynamic polarization curves of cathodic metal without removal of corrosion
products and surface microorganisms after 15 days of cathodic protection under different cathodic
protection potentials in a mixed bacterial marine environment at a constant temperature of 30 ◦C:
(a) potentiodynamic polarization curve after 15 days at a cathodic protection potential of −0.85 V
(SCE); (b) potentiodynamic polarization curve after 15 days at a cathodic protection potential of
−0.95 V (SCE); (c) potentiodynamic polarization curve after 15 days at a cathodic protection potential
of −1.05 V (SCE).

By comparing the potentiodynamic polarization curves of the cathodic metal at the
three different cathodic protection potentials, it can be seen that at −0.85 V (SCE), the
cathodic metal had a low corrosion current density (Icorr). Although the corrosion potential
(Ecorr) was high, the anodic dissolution current density (Ia) was the lowest. At this potential,
the cathodic protection efficiency was relatively high, but the positive protection potential
was insufficient to provide enough protection for the cathodic metal. At −0.95 V (SCE), the
corrosion current density and anodic dissolution current density of the cathodic metal were
higher than at −0.85 V (SCE). At this potential, a large number of microorganisms attached
to both the cathodic and anodic surfaces. Although no biofilm formed on the cathode, the
abundant EPS matrix and corrosion products altered the electrochemical activity of the
cathodic metal, causing interference with the cathodic reaction. Additionally, the formation
of biofilms on the anodic surface also hindered the anodic reaction, leading to a decrease in
cathodic protection efficiency [55]. At −1.05 V (SCE), both the corrosion current density and
anodic dissolution current density of the cathodic metal were the highest. At this potential,
a dense layer of corrosion products attached to the cathodic surface, greatly hindering
the occurrence of cathodic reactions. As a result, the cathodic protection efficiency was
reduced. However, it is worth noting that the dense corrosion product film also provided
protection to the cathodic metal, isolating the metal surface from the external medium and
thus exhibiting a corrosion-inhibiting effect.

To better understand the relationship between cathodic protection efficiency and
cathodic protection potential in an ICCP system in marine environments containing SRB
and IOB, electrochemical impedance spectroscopy tests were conducted on the cathodic
metal at different cathodic protection potentials. Figure 10 shows the electrochemical
impedance spectroscopy of the cathodic metal at different cathodic protection potentials in
the marine environment containing SRB and IOB. The impedance spectra were fitted using
the equivalent circuit shown in Figure 11, where Rs: solution resistance; Qf: constant phase
element (CPE) representing the biofilm or corrosion product layer; Rpore.s: the resistance of
the corrosion film (biofilm or corrosion product); Qdl: the constant phase element (CPE) for
the double-layer capacitance; Rct: charge transfer resistance of the double layer. The fitted
data are shown in Table 4.
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Figure 11. Electrochemical impedance spectroscopy fitting circuit of cathodic metal after 15 days
of cathodic protection under different cathodic protection potentials in a mixed bacterial marine
environment at a constant temperature of 30 ◦C.

Table 4. Electrochemical impedance spectroscopy fitting data of cathodic metal after 15 days of
cathodic protection under different cathodic protection potentials in a mixed bacterial marine envi-
ronment at a constant temperature of 30 ◦C.

Specimen Rs
Ω cm2

Qc
S secn cm−2

nc

Rpore.s
Ω cm2

Qdl
S secncm−2

ndl

Rct
Ω cm2

−0.85 V (SCE) 5.241 9.973 × 10−3

8.747 × 10−1 1.512 × 102 3.619 × 10−2

9.642 × 10−1 2.159 × 102

−0.95 V (SCE) 5.158 8.930 × 10−3

8.302 × 10−1 1.357 × 102 9.547 × 10−3

9.676 × 10−1 8.128 × 102

−1.05 V (SCE) 4.752 2.624 × 10−3

7.983 × 10−1 1.776 × 103 9.651 × 10−3

8.869 × 10−1 1.586 × 103

The electrochemical impedance spectra indicate that after 15 days of immersion in
a marine environment containing SRB and IOB, the cathodic metal at different cathodic
protection potentials showed varying corrosion levels. Specifically, at the −0.85 V (SCE)
cathodic protection potential, the corrosion of the cathodic metal was the most severe, while
at −1.05 V (SCE), the corrosion was the least. To be specific, at the −0.85 V (SCE) cathodic
protection potential, the relatively positive potential promoted the growth and proliferation
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of mixed bacteria. The metabolism of IOB created an anaerobic environment favorable for
the growth of SRB, which then colonized the cathodic surface and formed a biofilm. This
biofilm further facilitated the synergistic growth of the mixed bacteria [17]. Additionally,
corrosion products such as FeS accumulated and promoted the diffusion of Cl− in the
seawater environment. However, the relatively positive cathodic protection potential was
insufficient to provide adequate protection to the cathodic metal. Therefore, the metal
faced the dual threat of MIC and corrosion from the marine environment. At this time, the
Rct value of the cathodic metal was low, and surface morphology analysis coupled with
corrosion film resistance (Rpore.s) revealed that the corrosion film was primarily composed
of a biofilm that was thicker than the biofilm-dominated corrosion film observed at −0.95 V
(SCE). At −0.95 V (SCE), the impedance values of the cathodic metal increased with the
more negative potential. Both the cathodic and anodic surfaces had microbial attachments,
and although the cathodic surface did not form a complete biofilm, a significant amount
of EPS matrix was produced. This resulted in inhibition of the cathodic reaction. The
biofilm on the anodic surface also hindered anodic reactions. Although the −0.95 V
(SCE) potential provided sufficient protection to the metal in the marine environment, the
microbial attachment on the cathodic surface impeded the cathodic reaction and altered the
electrochemical activity of the metal surface. This indicates that a more negative cathodic
protection potential was needed to protect the cathodic metal, and the cathodic metal also
faced the threat of MIC. Thus, although Rct increased, the cathodic protection effect was
not ideal. At the −1.05 V (SCE) cathodic protection potential, the metabolic proliferation
of mixed bacteria was inhibited. This led to a reduction in microbial attachment on both
the cathodic and anodic surfaces. Almost no microorganisms attached to the cathodic
surface, but corrosion products generated by free mixed bacteria still attached to the
cathodic surface. The dense corrosion products made it necessary to apply higher current
to maintain the cathodic protection potential, indirectly improving the cathodic protection
efficiency. Surface morphology analysis indicated that the corrosion film was primarily
composed of corrosion products, with a larger Rpore.s, confirming the thick and dense
nature of the corrosion layer. This dense corrosion product layer provided a certain degree
of corrosion inhibition [56], protecting the cathodic metal from corrosion threats posed by
both the marine environment and MIC. As a result, the Rct value was the highest, and the
cathodic protection effect was optimal.

Through confocal laser scanning microscopy (CLSM), the cathodic metal with cor-
rosion products and surface microorganisms removed was observed. It was found that
the surface of the cathodic metal under the three different cathodic protection potentials
exhibited varying degrees of pitting corrosion. The pits were measured and counted, as
shown in Figure 12. Among the three cathodic protection potentials, at −0.85 V (SCE),
the number of pits on the cathodic metal surface was relatively low, but the depth was
greater, showing a trend of development towards the metal interior. This was caused by
the attachment of mixed bacteria to the metal surface. Simultaneously, uniform corrosion
was the most severe, which also indicates that the less negative cathodic protection poten-
tial could not provide adequate protection for the cathodic metal. At −0.95 V (SCE), the
cathodic metal surface exhibited the most pits, which were relatively wide but shallow.
Under this cathodic protection potential, a complete biofilm was not formed on the metal
surface, and the bacteria were distributed more sporadically, leading to localized pitting at
multiple points on the metal. At −1.05 V (SCE), the cathodic metal surface exhibited the
fewest and lightest pits, with only a small number of shallow pits present. These pits were
caused by the MIC during the early stages of the experiment, before the dense accumu-
lation of corrosion products. Later, the dense corrosion product film accumulated on the
metal surface, alleviating the MIC caused by the mixed bacteria. Simultaneously, the more
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negative cathodic protection potential not only provided adequate protection to the metal
but also inhibited the growth of mixed bacteria. Combined with the surface morphology
and elemental analysis of the corrosion film, it can be concluded that a relatively positive
cathodic protection potential suppresses the growth of SRB [57]. At this time, the MIC
process involves only a small number of SRB; thus, the formation of pitting corrosion is
primarily associated with the metabolism of SRB, which accelerates the corrosion of the
metal through metabolites such as FeS [58].
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ganisms following 15 days of cathodic protection under different cathodic protection potentials in
a mixed bacterial marine environment at a constant temperature of 30 ◦C: (a–a3) −0.85 V (SCE);
(b–b3) −0.95 V (SCE); (c–c3) −1.05 V (SCE). (d,e) Data on the number, depth, and width of corrosion
pits after 15 days of cathodic protection under different cathodic protection potentials.

4. Conclusions
By studying the growth and metabolism of IOB and SRB mixed bacteria under different

cathodic protection potentials in a marine environment as well as their attachment to the
anode and cathode surfaces and the impact on cathodic protection efficiency, it was found
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that in marine environments containing IOB and SRB, the selection of protection potential
for the ICCP system requires an appropriate negative shift. This shift helps improve
cathodic protection efficiency, suppress bacterial growth, and alleviate microbial corrosion
caused by the mixed bacteria. The specific findings are as follows:

1. Among the three cathodic protection potentials used in the experiment, the −0.85 V
(SCE) potential exhibited the weakest inhibitory effect on the mixed bacteria, even
promoting their growth. Under this condition, the mixed bacteria tended to adhere
to the cathode surface and form a biofilm. In contrast, the −1.05 V (SCE) cathodic
protection potential effectively suppressed the growth of the mixed bacteria, resulting
in minimal bacterial attachment on both the cathode and anode. Therefore, in a marine
environment containing IOB and SRB, an appropriate negative shift in the cathodic
protection potential can leverage the inhibitory effect of more negative potentials on
microbial activity as well as the bacterial tendency to adhere under different protection
potentials to effectively mitigate the threat of MIC;

2. In a marine environment containing IOB and SRB, the corrosion products formed
during cathodic protection of metals become increasingly stable as the cathodic pro-
tection potential shifts negatively. This phenomenon is closely related to the metabolic
activity of the mixed bacteria. More positive cathodic protection potentials promote
bacterial metabolic activity, leading to the formation of loose and compositionally
diverse corrosion products. As the cathodic protection potential shifts negatively,
bacterial metabolism is inhibited, resulting in the formation of denser and more stable
corrosion products;

3. At a more negative cathodic protection potential, a crystalline corrosion film primar-
ily composed of corrosion products forms on the cathode surface, with Fe2O3 and
Fe(OH)3 as its main components. Experimental results demonstrated that this corro-
sion film effectively isolates the metal surface from the external liquid environment,
providing a protective effect on the metal. Additionally, the more negative cathodic
protection potential inhibits SRB adhesion and metabolism on the metal surface, miti-
gating the corrosion threat caused by microbial attachment. Furthermore, due to the
presence of the corrosion film, overprotection does not occur at this potential, thereby
improving the efficiency of cathodic protection.

The experiment demonstrated that in a marine environment containing IOB and SRB,
when impressed current cathodic protection is applied, a more negative cathodic protection
potential can form a corrosion film predominantly composed of corrosion products on
the cathode surface, thereby enhancing cathodic protection efficiency. In specific working
environments, this characteristic can be utilized by appropriately shifting the cathodic
protection potential to a more negative value, which not only improves cathodic protection
efficiency but also mitigates MIC caused by mixed bacteria.
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