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Abstract: The electro-clean system (ECS), a ballast water management system that eliminates harmful aquatic organisms in ship 
ballast water via electrochemically produced chloride, was developed. The current density for potentiostatic experiments subjected to 
seawater with an applied potential (−0.1 V) at various TRC concentrations (2×10−6, 6×10−6, 10×10−6, and 15×10−6) have similar 
results. The current density at −0.1 V has the highest value compared with that at −0.7 V and −0.4 V. For all concentrations, the 
current density increases with increasing applied potential. 
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1 Introduction 
 

When ships discharge the ballast seawater in a 
different location, they change the local seawater salinity 
and introduce nonindigenous oceanic organisms and 
pathogens. The amount of ballast water that ships 
transport and discharge is estimated to be over 15 billion 
tons per year, and it is expected to increase as shipping 
traffic increases. Hence, solving this problem will be a 
very important issue in the near future. To prevent, 
minimize, and ultimately eliminate risks to the 
environment and resources that arise from the transplant 
of harmful aquatic organisms and pathogens, the 
International Maritime Organization (IMO) has proposed 
to control and manage ship ballast water and sediment by 
regulating ballast water management[1−2]. In United 
States and Australia, regulations for ship ballast water 
have been enforced since September 2004. Various 
solutions, such as electrolysis, ozonation[3], sterilization, 
disinfection, filt-ration, using a water jet system, etc., are 
being developed[4−7]. Concern over this issue has 
become a top priority in the world[8−9]. 

In this study, the effects of various chloride 
concentrations on the material used for ship ballast water 
tanks were evaluated by electrochemical experiments. 

 
 
2 Experimental 
 

An electrochemical experiment was conducted on 
samples of carbon steel. A polarization experiment was 
conducted with a silver/silver chloride electrode (SSCE) 
as the standard electrode and a platinum electrode as the 
counter electrode at a scan rate of 2 mV/s under natural 
seawater conditions. Various chloride concentrations 
such as 2 × 10−6, 6 × 10−6, 10 × 10−6, and 15 ×

10−6, produced by the ECS, were used. Cathodic 
polarization and anodic polarization tests were conducted 
at an open-circuit potential of −2.0 V and 3.0 V, 
respectively. For each condition, potentiostatic 
experiments were conducted to evaluate the current 
density variations during and after 1 200 s. The Tafel 
analysis was used to calculate the corrosion current 
density at a polarization value from +0.25 V to −0.25 V, 
which was based on the open circuit potential. The 
experiments were conducted more than three times, and 
their average values were compared with each other. 
 
3 Results and discussion 
 

Fig.1 shows a plot of the natural potential for 
natural seawater and for seawater containing various 
total residual chloride (TRC) concentrations produced 
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Fig.1 Potential with TRC concentration produced from ECS in 
seawater 
 
from the ECS. The noble potential was observed for 
all immersion conditions. Initially, when immersed in 
natural seawater with a TRC of 2×10−6, the sample’s 
potential moves slowly toward a negative value; then, 
after immersion for approximately 8 ks, the potential 
value becomes increasingly negative for concentrations 
between 2×10−6 and 15×10−6. The seawater setup has 
the greatest noble potential value, but becomes 
increasingly negative in value with increasing TRC 
concentration. 

Fig.2 shows the anodic polarization behavior for 
carbon steels with changing TRC concentration.  The 
potential in seawater has its highest observed value at the 
open circuit potential. The 2× 10−6 and 10× 10−6 
specimens show similar results in seawater. However, 
when the potential is greater than 0.1 V, the current 
densities for all conditions have similar values. From the 
anodic polarization curve, as the potential increases, the 
current density also generally increases. Stainless steel 
and aluminum alloys are usually resistant to corrosion in 
 

 

Fig.2 Anodic polarization tendency with TRC concentration 

seawater due to the formation of a passive layer, which is 
evident in their anodic polarization curves. In this 
experiment, however, the alloys used do not show 
passivity characteristics. Due to the presence of the TRC, 
the anodic polarization behavior is not predictable. 
Because these samples do not passivate in a seawater 
environment, any electrochemically defective area on the 
specimen surface will experience higher current flow 
compared with the rest of the surface; thus, an increase in 
the potential produces an increase in the current density 
[10−13]. 

Fig.3 shows the cathodic polarization curves for 
various TRC concentrations produced from the ECS in 
natural seawater. The polarization trend is affected by the 
concentration polarization due to oxygen reduction 
(O2+2H2O+4e−→4OH−) and the activation polarization 
due to hydrogen generation (2H2O+2e → H2+2OH−) 
[14−16]. After the occurrence of concentration 
polarization, which resulted from the dissolved oxygen 
reduction reaction below the open circuit potential, the 
current density rapidly increases at approximately −0.82 
V. This behavior is observed for all TRC concentrations 
except 15×10−6. In seawater, the value is similar to that 
for 10×10−6 and is very low in 2×10−6 and 6×10−6. 
The sample current density at 15×10−6 is higher than 
that for seawater. 
 

 

Fig.3 Cathodic polarization tendency with TRC concentration 
produced by ECS in seawater 
 

Fig.4 plots the current density with time for applied 
potentials of −0.1, −0.4, and −0.7 V in seawater. It was 
carried out three times for all conditions. At an applied 
potential of −0.1 V, the current density starts with a high 
value, increases for 50 s, and then stabilizes; these results 
have good reproducibility. At −0.4 V, generally low 
current densities are observed from the start due to 
oxidation and reduction reactions occurring alternatively. 
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Fig.4 Current density with time when potentiostatic experiment 
conducted at −0.1 (a), −0.4 (b), and −0.7 V (c) in seawater 
 
Thus, the current density after 1 200 s has various values. 
At −0.7 V, on the other hand, the current density is 
approximately 4× 10−4 A/cm2 initially, and tends to 
stabilize and decrease with time. 

Fig.5 compares the average current density values  
at 1 200 s and applied potentials of −0.1, −0.4, and −0.7 
V for tests conducted in seawater at various TRC 

 

 
Fig.5 Average value of current densities after potentiostatic 
experiment for 1 200 s 
 
concentrations. The highest current density at −0.7 V   
is observed for a concentration of 2×10−6. The lowest 
current density occurs for a concentration of 15×10−6. 
However, because the current density repeatedly rose and 
fell, conclusions can not be reasonably formed for just 
the current density. The current density for an applied 
potential of −0.4 V shows significant differences at 
different TRC concentrations. At −0.1 V, a test performed 
at a concentration of 2×10−6 is expected to have the 
least amount of corrosion because it has the lowest 
current density; the next lowest appears to be seawater. 
These results are opposite to those at −0.7 V. On the 
other hand, similar results are obtained for nearly every 
concentration at −0.1 V, and the highest value is 
observed at 15×10−6. Except at −0.7 V, the highest 
current density occurs for tests at a concentration of 15×
10−6, which has the highest chloride concentration level. 
It can be inferred that corrosion will increase with a 
higher current density; however, this does not adversely 
affect the ECS because micro-organisms can be 
eliminated at concentrations below 10×10−6. For each 
concentration condition, the current density steadily 
increases with increasing the applied potential. This 
behavior is similar to the anodic polarization behavior 
where the current density increases with an increase in 
potential. 

Fig.6 shows the surface morphologies of sample 
after a potentiostatic experiment at various TRC 
concentrations. Generally, a noticeably high corrosive 
activity occurs at −0.1 V compared with the corrosive 
activities for other conditions. In seawater, corrosion 
with areas of partial corrosion occurs over the entire 
surface. Partial corrosion is observed for the 2×10−6 
condition. At 6×10−6, the dissolution reaction corrodes 
the upper portion while corrosion products are observed 
in the lower portion. For the 10×10−6 condition, both  
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Fig.6 Surface morphologies after potentiostatic experiment with various concentrations of TRC 
 
noticeable corrosion and little dissolution reaction are 
observed. When comparing the other conditions with the 

15×10−6 case, general corrosion is noticeable. At −0.4 V, 
a slight dissolution reaction is observed in seawater; the 
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least amount of corrosion occurs at 2×10−6; and a 
significant amount of corrosion occurs at TRC 
concentrations over 6×10−6. But, the corrosion at 2×
10−6 is less than that in seawater. At −0.7 V, corrosion 
products are observed in the seawater, corrosion by 
dissolution reaction is barely observed at 2×10−6 and 6
×10−6; and a slight amount of corrosion, such as pitting 
and its products, are observed at 10×10−6 and 15×10−6. 
In general, as the applied potential increases, the amount 
of corrosion increases, thus validating the research 
results from the potentiostatic experiments at various 
applied potentials. 

Fig.7 depicts the polarization curves at 15×10−6 
and the corrosion current density obtained by the Tafel 
analysis. For various TRC values, the analysis was 
performed at least three times, and then the average 
corrosion current density was determined. The corrosion 
current density in seawater increases as the initial delay 
time increases since the electrochemical reaction takes 
longer to occur. The increase in corrosion current density 
indicates a high corrosion rate. The corrosion current 
 

 

Fig.7 Polarization curves in 15×10−6 (a) and corrosion current 
density (b) obtained by Tafel analysis 

density at 2×10−6 is lower than that for seawater 
conditions, while the corrosion current density at 6×10−6 
and 10×10−6 is higher than that for seawater. Thus, TRC 
concentrations less than 10×10−6 should have similar 
corrosion current density values to those in seawater 
conditions. The 15×10−6 density, however, is slightly 
higher than other values. Because conditions are usually 
kept at a TRC of less than 10×10−6, the damage from a 
greater TRC value is nonexistent. 
 
4 Conclusions 
 

From potential measurements, seawater has the 
highest noble potential. But, as the TRC concentration 
increases, the potential becomes negative. Except at 15×
10−6, the cathodic polarization behavior consists of the 
dissolved oxygen reduction reaction producing 
concentration polarization; then, the potential tends to 
rapidly increase to approximately −0.82 V. The current 
density at −0.1 V has the highest value compared with 
that at −0.7 V and −0.4 V. For all concentrations, the 
current density increases for increasing applied potential. 
Similar behaviors are observed for the anodic 
polarization curve. The corrosion behavior at TRC 
concentrations less than 10×10−6 has similar values to 
those in seawater. 
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