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ABSTRACT 

The purpose of the present study is to develop a new con-
ductive coating for application on fishing nets that can be used 
as an anode, while submersed in the sea, to generate free 
chlorine which will in turn inhibit marine biofouling.  To con- 
firm the durability and viability of this coating, long-term field 
tests were carried out in the Nanao harbor in Taiwan.  Elec-
trical resistivity tests showed that conductive rubber with a 
polyaniline coating demonstrates the lowest resistivity: 0.11 
Ωm.  This sample also generated optimal quantities of free 
chlorine, which demonstrates antifouling properties.  The use 
of carbon black in conjunction with polyaniline did not prove 
to yield greater benefits.  A 500 day field test showed that the 
CR-P-N conductive coatings reduced the quantity of marine 
biofouling attached to the cage by approximately 53%.  Fur-
thermore, the chlorine produced was within safe levels, and 
judged not to pollute the sea. 

I. INTRODUCTION 

Cage aquaculture and set-net fishery are widely used in 
fishing industry, but have problems associated with marine 
biofouling pollution which reduces cage aquaculture effi-
ciency, fishing net life and increases the service costs.  Tradi-
tional marine antifouling techniques involve the addition of 
chlorine or the use of antifouling.  While chlorine addition is 
efficient, there is a risk of either corroding equipment or poi-
soning marine life [1, 14].  Antifouling coatings are also good 
inhibitors, but they often contain copper or organic metal com- 
pounds which are toxic to the marine environment [9].  In 
2008 the international marine organization prohibited the use 
of surface paints which contain tri-butyl tin (TBT) [2].  Al-
ternative, nontoxic paint compounds or low surface tensions 
have been studied, including silicic acid used to prevent bio-

fouling as well [9], fluoro-polyurethane [15], polyurethane [10] 
and perfluorinated polymers [11]. 

Prior to our study, conductive silicate coatings have been 
applied to power plant chilled water pipes in order to inhibit 
biofouling [3].  Furthermore, recent studies have also suggested 
chlorine-based electrolysis technologies [8] as a possible sub-
stitution for traditional antifouling methods. 

Electrolysis within seawater using a platinum or graphite 
electrode leads to complex chemical reactions.  For simplicity 
we provide the reactions involved when electrolysis is con-
ducted in an electrobath [7, 13, 16].  These reactions that occur 
at the anode and cathode are shown in the following equations. 

Anodic reaction: 

 2Cl –
(aq)

   →  Cl2(g) + 2e– (1) 

Cathodic reaction:  

 2H +
(aq) + 2e–  →  H2(g)

 (2) 

When Cl2 dissolves in the seawater, a reaction occurs as 
following equations: 

 Cl2(g) + H2O  →  HClO(aq) + HCl(aq)
 (3) 

Providing that there is a suitable electrical current the anode 
generates a concentration of hypochlorite ions (ClO –) and hy- 
pochlorous acid (HClO) which will inhibit biofouling.  Both of 
these species can be regarded as free chlorine.  The hypochlo- 
rite ion and hypochlorous acid solution will establish the fol-
lowing equilibrium: 

 HClO = H + + ClO – (4) 

The equilibrium concentrations are dependent on pH.  Figure 
1 [16] shows the effect of pH on the percentage concentrations 
of hypochlorite ion and hypochlorous acid.  Since the pH of 
seawater is approximately 8, the free chlorine is predomi-
nantly present in the form of hypochlorite ions.  In solution, 
ammonia or organic nitrogen-containing compounds can react 
with the hypochlorous acid to form NH2Cl, NH2Cl2 and NCl3, 
which will henceforth be referred to as combined chlorine.  
The reactions are as follows: 
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Fig. 1. The effect of pH on the percentage of hypochlorite ions and hy-

pochlorous acid [10]. 

 

 NH3 + HClO  →  H2O + NH2Cl (5) 

 NH2Cl + HClO  →  H2O + NH2Cl2 (6) 

 NH2Cl + HClO  →  H2O + NCl3 (7) 

The sum of the free chlorine and the combined chlorine is 
known as the total chlorine or total residual chlorine.  Free 
chlorine can act as a fungicide and inhibit marine biofouling, 
effectively preventing substances from attaching to metals.  
Free chlorine is a far more efficient sterilization agent than 
combined chlorine.  Figure 2 shows a schematic of the con-
ductive coatings that are used to generate free chlorine in elec- 
trolysis. 

According to the study produced by Mitsubishi Heavy In-
dustries [12], it has been confirmed that marine biofouling can 
be inhibited when the free chlorine concentration enclosing 
the structures, at a distance of 50-100 µm, is set to 0.05-0.1 
ppm.  Gunderson [8] pointed out that the concentration of hy- 
pochlorite enclosing the structure at a distance of 10 µm should 
be kept at 0.1-0.3 ppm in order to inhibit biofouling.  Oldfield 
[13] studied alkyd resin conductive coatings applied to cooling 
water piping of power plants to control metal corrosion. 

The purpose of present study is to develop a new conduc-
tive coating on fishing net.  Electrical resistivity measurement 
and electrolysis test were carried out to study the optimal con- 
ductive coating system.  Long term field tests were performed 
to investigate the antifouling ability and durability of our de- 
veloped conductive coating. 

II. EXPERIMENTAL METHOD 

The experiment can be divided into two stages: (i) devel-
opment of the conductive coating in the laboratory in order to 

Power supply

Seawater

Fishing net the
conductive coatings

Free chlorine Hydrogen

Anode Cathode

 
Fig. 2. The fundamental components and procedure for generating chlorine 

by using electrolysis. 

 

establish the optimal coating and (ii) field testing and evalua-
tion of the coating’s ability to inhibit marine biofouling and its 
endurance. 

1. Materials 

Rubber and polyvinyl rubber resins diluted in xylene were 
used in the laboratory tests.  Either carbon black (average grain 
diameter 20 µm) or polyaniline were used as additives.  Poly- 
aniline was synthesized by reacting aniline (C6H5NH2) and 
ammonium peroxodisulfate ((NH4)S2O8) in hydrochloric acid 
(HCl). 

2. Preparation of the Conductive Coatings 

Both resins were used to bind the coatings by stirring with 
carbon black and/or polyaniline to create a uniform mixture.  
Two coats of the mixture were sprayed onto substrates.  The 
substrates were steel plates and fishing nets (black polyeth-
ylene, 20 mm mesh, 2.4 mm diameter).  The film thickness 
was controlled to within 250-300 µm.  In order to measure the 
electrical resistivity electrolysis tests were carried out 72 hours 
after the application of the second coat. 

3. Electrical Resistivity Measurement 

The electrical resistivity of the conductive coating was ob- 
tained using Ohm’s law:  

 ρ = R • A / l (8) 

Where ρ is the electrical resistivity (Ωm), R is the electrical 
resistance (Ω), A is the cross-sectional area (m2) and l is the 
length (m).  The electrical resistivity readings were averaged 
over five repeat tests. 

4. Electrolysis Test in the Laboratory 

This test evaluates the effectiveness of the coating to inhibit 
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Fig. 3.  Schematic design of the electro-bath used for the electrolysis test. 
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Fig. 4.  Schematic design of field test. 

 
biofouling by electrochemical disinfection with newly devel- 
oped conductive electrodes that have high concentrations of 
free chlorine.  The electrobath used in the electrolysis test con- 
sisted of a conductive, coated electrode (the working elec-
trode), a platinum electrode (the counter electrode), and a 
saturated calomel electrode (the reference electrode) and is 
depicted in Fig. 3.  The test was undertaken in 3.5% NaCl 
solution with stirring, using a scrambler to keep the free 
chlorine distribution uniform.  The potential at the anode was 
held constant anodic potential (4 V, SCE) using a potentiostat.  
Data were presented as current density as a function of time. 

The concentration of free chlorine was measured using 
a spectrophotometer (Lamotte Co. 1200 CL).  10 mL sam- 
ples from the bath were put into the developer (N-diethyl-p- 
phenylenediamine, DPD) immediately; the luminosity of the 
developed image was interpreted using the spectrophotometer. 

Fixed

Seawater line

Carbon fiber rope

~150 cm

90 cm

60 cm

Test frame

2 cm (spacing between anode and cathode)

 
Fig. 5.  Erection schematic of field test. 

 

5. Field Test 

Long term field tests were carried out in the Nanao harbor 
in Taiwan.  Figure 4 shows the field test design.  The conduc-
tive coated fishing net acts as the anode, the control is a bare 
fishing anode and the wire netting is used as the cathode.  
Figure 5 is a schematic of the frame installation.  Regular 
measurements of the concentration of free chlorine and the 
total chlorine were carried out at a distance of 10-15 cm from 
the coating surface.  10 mL samples were put into the devel-
oper immediately, the concentration of free chlorine and the 
total chlorine was measured using the spectrophotometer. 

III. RESULTS AND DISCUSSION 

1. Electrical Resistivity  

The conductive additives used in this study were carbon 
black and polyaniline.  The latter is a suitable conducting ma-
terial that can inhibit marine biofouling [17] and can enhance 
the conductivity of the material [4, 6]. 

Table 1 shows the results of the electrical resistivity tests; 
the resistivities of the fishing nets were found to be about 
30-50% higher than the steel plates.  This difference may be 
largely due to the complex geometry of the fishing nets, as 
well as uneven film thickness over the sample.  Furthermore 
the coating may have cracked or flaked during drying, causing 
the conductivity to decrease. 

Conductive rubber without additives on the fishing net had 
a resistivity of 0.26 Ωm; this is the lowest value, compared 
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Table 1.  Specimen designations, composition and electrical resistivities. 

Conductive additive (wt%) 
Specimen designations Resin type 

Carbon black Polyaniline 
Substrate 

Electrical resistivity 
(Ωm) 

CR-S 0 0 0.17 
CR-C-S 10 0 0.07 
CR-P-S 0 10 0.05 

CR-CP-S 5 5 

Steel plate 

0.09 
CR-N 0 0 0.26 

CR-C-N 10 0 0.13 
CR-P-N 0 10 0.11 

CR-CP-N 

Conductive rubber 

5 5 

Fishing net 

0.14 
VR-C-S 10 0 1.09 
VR-P-S 0 10 0.25 

VR-CP-S 5 5 

Steel plate 

0.75 
VR-C-N 10 0 1.88 
VR-P-N 0 10 0.33 

VR-CP-N 

Polyvinyl rubber 

5 5 

Fishing net 

1.37 

 
Table 2.  Laboratory electrolysis results. 

Specimen designations Initial current density (mA/cm2) 
Steady state current density 

(mA/cm2) 
pH 

Free chlorine concentration 
(ppm) 

CR-C-N 0.72 0.10 52 
CR-P-N 0.94 0.17 60 

CR-CP-N 0.57 0.09 

9-10 

48 

 
with polyvinyl rubber when coated with 10% carbon black 
(0.19 Ωm), 10% polyaniline (0.33 Ωm), and 5% carbon black 
with 5% polyaniline (1.37 Ωm).  Clearly the conductive rubber 
alone is the best electrical conductor. 

When comparing the effects of carbon and polyaniline on 
the conductive rubber, the results demonstrated the following 
resistivities: 10% carbon black, 0.13 Ωm; 10% polyaniline, 
0.11 Ωm; and 5% carbon black/5% polyaniline, 0.14 Ωm.  The 
electrical resistivity value of conductive rubber coated with 
5% carbon black and 5% polyaniline was 0.14 Ωm and is 
higher than with 10% polyaniline (0.11 Ωm), so we see there is 
no advantage to the simultaneous addition of carbon black and 
polyaniline.  This result is analogous with the polyvinyl rubber 
results.  However when coated, both the conductive and poly- 
vinyl rubbers have better electrical conductivity.  Conductive 
rubber with 10% polyaniline coating (CR-P-N) had the best 
electrical conductivity in this study. 

2. Electrolysis Experiment 

The electrolysis experiment used the above investigation 
to select the lower resistivity samples CR-C-N, CR-P-N and 
CR-CP-N; then immersed a 15 cm2 sample into the 3.5% NaCl 
solution.  The values of the initial current density and steady 
current density are listed in Table 2.  Figure 6 shows the rela-
tion between current density and the immersion time in the salt 
solution. 
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Fig. 6. Current density at a constant anodic potential (4 V, SCE) for 
conductive coatings in 3.5% NaCl solution. 

 
Results show that the initial current densities of the CR-P-N, 

CR-C-N and CR-CP-N samples were 0.942, 0.716 and 0.565 
mA/cm2 respectively; the steady state current densities were 
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(a)

(b)  
Fig. 7. SEM surface morphology of CR-P-N conductive coating (a) before 

and (b) after electrolysis test. 

 
0.168, 0.102 and 0.094 mA/cm2, respectively.  The electrical 
resistivities of the three specimens show an inverse propor-
tionality between the initial and steady state current densities.  
The steady state current densities are lower than the initial cur-
rent densities because the conductive coatings generate chlorine 
gas during electrolysis, which causes destruction of the con-
ductive material surface, resulting in a lower current density.  
When the chlorine gas is unable to do further damage, the 
current density remains steady state.  Figure 7 shows the SEM 
surface morphology of the PU-CG conductive coating before 
and after electrolysis test.  The specimen after electrolysis test 
showed some cracks on surface as shown in Fig. 7(b).  An-
other factor which affects the current density is that when the 
solution enters the coating it causes decreased conductivity.  As 
the electric resistivity and conductive path are heavily related, 
when the resistivity is lowered, the current density reaches to 
steady state quickly. 

Figure 8 shows the change in concentration of free chlorine 
during the electrolysis process.  The concentration of free chlo-
rine is theoretically directly proportional.  As the current density 
is higher initially, the free chlorine generation rate is higher 
than the consumption rate. 
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Fig. 8.  The concentration of free chlorine generated at a constant anodic 
potential (4 V, SCE) for conductive coatings in 3.5% NaCl solu-
tion. 
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Fig. 9. The pH value at a constant anodic potential (4 V, SCE) for con-
ductive coatings in 3.5% NaCl solution. 

 
When the current density stabilizes, free chlorine concen-

trations reach equilibrium.  The steady state concentrations of 
free concentrations are shown in Table 2. 

Figure 9 shows the change in pH during the electrolysis 
investigation, which is maintained in the range 9-10.  Fig. 1 
shows that the generation of free chlorine is predominantly in 
the form of the hypochlorite ion and that the chlorine con-
centration is much higher than the effective methods from 
previous studies [7, 8, 13] 
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Fig. 10.  The concentration of free chlorine and total chlorine generated 

during field testing. 
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Fig. 11.  Average dry weight of marine biofouling attached to the fishing 

net. 

 

3. Field Tests 

As CR-P-N performed most successfully, it was chosen for 
the field test.  A solar energy board was used to supply a con-
tinuous voltage (0.3-0.8 V) for the long term field test.  The 
measured concentration of free and total chlorine is shown in 
Fig. 10.  Samples were taken from the coating surface approx- 
imately 10-15 cm apart; the final values of total chlorine con-
centration were less than the maximum value of 0.5 ppm as 
regulated by the Environmental Protection Administration 
(Taiwan) in 2006 [5], suggesting that they will not pose a risk 
of pollution to the marine environment. 

The fishing net was washed and then baked in an oven at 
105°C for 24 hours to dry.  The computational values of attached 

Table 3. Mass of attached marine biofouling as a function 
of time in the field. 

Immersion time 
(day) 

Without coating 
(g/cm2) 

With CR-P-N 
coating (g/cm2) 

Anti-fouling 
efficiency (%) 

15 0.012 0.004 67 
30 0.024 0.004 83 
60 0.030 0.004 87 
75 0.036 0.006 83 

360 0.573 0.180 69 
500 0.921 0.430 53 

 

 
Fig. 12.  The appearance of conductive rubber coatings (CR-P-N) after 

500 days in the field test. 

 
marine biofouling quantities are shown in Fig. 11.  Comparisons 
of the CR-P-N coating with the control group after several 
time periods are shown in Table 3 and suggest that the inhibi-
tion ability lies at about 53-87%. 

The average mass of the marine biofouling materials at-
tached to the control group and rubber coatings were 0.92 and 
0.43 g/cm2 respectively.  The marine organisms were identi-
fied to be predominantly polychaetes, bryozoans and tunicates.  
The appearance of the conductive rubber coatings (CR-P-N) is 
shown in Fig. 12.  The results suggest that the conductive rubber 
coatings have excellent antifouling properties as well as good 
durability. 

IV. CONCLUSION  

1. The results of the laboratory electrical resistivity tests show 
that conductive rubber with polyaniline displays the great-
est electrical conduction.  The simultaneous addition of carbon 
black and polyaniline showed no benefit over polyaniline 
alone. 

2. The conductive rubber coatings (CR-P-N) generated enough 
free chlorine to inhibit marine fouling (by about 53%) after 
500 days.  The free and total chlorine concentrations during 
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the tests were less than the maximum 0.5 ppm regulated by 
the Environmental Protection Administration, Taiwan, and 
are therefore unlikely to create marine pollution. 

3. The conductive coating (CR-P-N) adheres naturally to the 
cage and showed no flaking during the long-term field test-
ing, 

4. The conductive coatings can be applied to the cage aqua-
culture and set-net fisheries in order to inhibit marine bio-
fouling pollution. 
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