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ABSTRACT 

It is known by foul control paint and Impressed Current Cathodic Protection system producers that paints 

can fail in proximity of the anodes. This failure is well known in industrial field, but does not represent a 

structural problem. As a matter of fact, paint recovery is performed within routinary docking operations. 

Within this framework, it is interesting to evaluate the behavior of new generation biocide-free foul control 

paints under a chemical stress resembling that near ICCP anodes, where seawater turns acidic and 

chlorinated. Data in this area have not been already studied nor published.  

The values of free chlorine and pH produced at anodes, to which paints are exposed, were obtained 

experimentally. Two biocide free paints, a foul release (FR) and an amphiphilic self-polishing (SP), were 

chosen for testing on these conditions. Paints were exposed to a 3x3 matrix of 'pH/free-Cl' different 

conditions. After 3 months of immersion in the selected environments, a physical-chemical characterization 

was performed through: visual inspection, detachment area analysis, thickness variation, contact angle 

variation, profilometry and IR. Laboratory and field tests were finally performed to evaluate the foul-control 

properties after treatments.  

Results showed that the degradation is mainly induced by free chlorine oxidation, and acidity 

strengthens the chemical attack. Both paints in the harshest condition were disbonded. Foul release paint 

seems generally more stable but detaches easily from the primer, while the amphiphilic SP is apparently 

less prone to detachment from the primer, but exhibits modification of its physical properties. 

 Foul-control properties did not show a substantial drop after the conditioning treatment, but the tests 

reported detachment of both paints in conditions in which it was not previously observed. 
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1. INTRODUCTION 

Seagoing ships require highly complex systems and devices to be and remain operational. From engines to 

electrical system and piping, the interactions between on-board installations are sometimes only discovered 

once implemented.  

In this context, both producers of Impressed Current Cathodic Protection systems (ICCP) and antifouling 

paint producers have reported paint detachment of different shapes and sizes in areas adjacent to ICCP 

system, as illustrated in Figure 1- 1. 

   

Figure 1- 1 Examples of different failure typologies near the anode of an ICCP system (Øanode = 320 mm):  

a) ship launched in 2013, dry docked in 2018 (5 years operation time),  

b) ship launched in 2010, dry docked in 2014 (4 years operation time)  

c) ship with not known interval of dry docking  

 

Even though this type of paint failure does not represent an actual issue, as detachment is limited to an area 

of around 1 m of diameter around the anode, and it is not necessary anticipate dry docking to repeat paint 

application. However it is interesting to investigate how this failure occurs and report results in scientific 

literature 

 This paint failure highlights an incompatibility of these two systems, at least in a confined area. As foul 

control paint detaches and foul control property of the hull is limited. It is sometimes reported, in Figure 1-

1a the epoxy primer seems degraded uncovering the steel of the hull. 

Keywords like foul control coating or Impressed Current Cathodic Protection system when searched 

separately on the web produce many results with a growing number of papers published per year as reported 

in Figure 1- 2. 

On foul control coating the number of paper per year is much higher (around 100)(figure 1-2a) and grows 

regularly, many of them offer different technologies well resumed in many review like Tian et Al. 2021 or 

Han et Al. 2021 (Tian et al. 2021; X. Han et al. 2021). 

a) b) c) 
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On ICCP system topic 10-20 papers are published per year.(Figure 1-2b) Much research is made in the 

field of numerical simulation of the system for designing like (W. Wang et al. 2018, 201) or Santana-Diaz 

and Adey that report a way to extrapolate the condition of the anticorrosive coating from ICCP data 

(Santana-Diaz e Adey 2005). 

Even if these keywords produce many results and papers are growing yearly, when searching these 

argument together, not a matching paper is found. This evidence that there is a lack of knowledge, ad least 

in literature, over this specific topic, suggesting a study about this reported issue.  

 

 

 

Figure 1- 2 Number of papers per year for the following keywords (Web of Science): 

a) ‘Foul control coating’ 

b) ‘Impressed Current Cathodic Protection system’ 

 

  

a) 

b) 
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The present work proposes to investigate the interaction between ICCP system and foul control coatings, 

focusing on physical chemical properties of the paint and their foul control properties. It aims to understand 

which condition can be found near anodes of ICCP system, which condition biocide-free paints suffer and 

which properties are affected by this degradation. 

 

This thesis is divided in 2 parts:  

 The first part is a state of the art and a study of the two system: the ICCP and the paint coating 

separately.  

 The second part analyzes the interaction of these systems, by developing an exposition treatment 

for the coatings in condition developed by ICCP anodes. Later a physical-chemical 

characterization and a testing of foul control property after the treatment are performed.  
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PART I 

SEPARATE SYSTEM INVESTIGATION 

 

In this first part, the physical-chemical conditions developed at anode in the ICCP 

system on one hand, and the antifouling paints on a second hand, are investigated 

separately. 

 

CHAPTER 2  

SEAWATER CONDITIONS NEAR THE ANODE OF ICCP SYSTEM  

 

CHAPTER 3 

FOUL CONTROL TECHNOLOGIES 
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2. SEAWATER CONDITIONS NEAR THE ANODE OF ICCP SYSTEM 

2.1. STATE OF THE ART 

Cathodic protection is a widely applied method to prevent corrosion of metallic materials, particularly in 

the seawater environment. It consists in lowering the electrochemical potential of the metal to be protected 

in its zone of immunity so that the corrosion becomes thermodynamically impossible (Schwerdtfeger and 

McDorman 1952; Glass e Chadwick 1994).   

Indeed, when two metals are electrically connected and both are in contact with an electrolyte, e.g., 

seawater, galvanic corrosion occurs on the less noble metal. This latter becomes the anode, where the anodic 

process, i.e., oxidation, takes place, inducing the consumption of the metallic bulk and the formation of 

metal oxides. On the contrary, the nobler metal gets protected as the cathodic processes are characterized 

by reduction. 

This way industrial iron structures are often connected to less noble and low-cost zinc anodes (Figure 2- 

1), that is corroded, protecting the Fe structure. Parameters like area of exposed iron, dimension and number 

of zinc sacrificial anodes need to be known to preview the durability of sacrificial anodes and to correctly 

protect the complete metal surface. This technique requires anodes to be replaced regularly. This type of 

protection is applied in addition to paint on small boats and sometimes on mild steel ships  
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Figure 2- 1 Galvanic series table (EngineeringClicks 2020) 
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The common protection system used on larger ships is the Impressed Current Cathodic Protection system 

(ICCP).  

This technique differs from the previous because instead of a sacrificial anode, an insoluble anode made 

of noble metals (Pt, Ir ) or conductive oxides (mixed metal oxides over Ti bulk) is used. Here, the current 

is impressed to make the hull behaving as cathode, while anodic processes occur at the insoluble anode 

(Figure 2- 2). The system needs a continuous supply of energy to impress the current. 

 

 

Figure 2- 2 Working mechanism of an ICCP system with related chemical reaction («Cathodic Protection – 

MarineThai» s.d.) 

 

The advantage is that it does not need a regular replace of the anode reducing the cost of the installation. 

The drawback is that the system cannot be switched off. This issue is not a problem on ships as some 

systems are already always on. 

This system is operational in conjunction with anticorrosive paint (the primer under the foul-control 

paint). 
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In the presence of anticorrosive paint failures, ICCP system prevent corrosion, as illustrated in Figure 2- 3. 

The hull is connected to the negative terminal of the system, while the anodes are connected to the 

positive pole. A third electrode (reference), usually made of zinc, is connected to the system to measure the 

voltage of the hull. Zinc is used since its open circuit potential is well stable in seawater (Park e Kim 2020)  

The steel hull, to prevent corrosion, needs to be held under a potential of –0.80 V measured with respect 

to Ag/AgCl/seawater reference electrode. (BS EN 16222:2012, Cathodic protection of ship hulls 2012). 

The current required to maintain that potential is directly correlated to the condition of the paint coating: 

the more the paint is damaged the higher the current request. 

 

 

Figure 2- 3 The principle of ICCP on seagoing ship («SEHONG» 2022) 

 

From a naval engineering point of view, anodes located through the hull need to be electrically insulated 

from the hull and they obviously need to be water tight (Figure 2- 4), they also require an dielectric shielding 

over the hull around their position to spread electric field, usually made of thick epoxy plaster( 

Figure 2- 5).  

The dielectric shielding is made of epoxy resin and is thicker than normal primer coating. This disk 

allows the current lines to be more homogenously distributed over the surface of the hull. 

Similar schemes are then adopted in smaller dimensions when mounting the reference electrode in 

experimental set up detailed in the following chapters.  

The ICCP system generates at the anode byproducts result of chloride and water oxidation: chlorine and 

acidity (Eq 2.1, 2.2). These species are dissolved in seawater, near the anode their concentration becomes 

higher while decreases with distance and seawater flow. 

2Cl– → Cl2 + 2e–            (2.1)  

2H2O → O2 + 4H+ + 4e–          (2.2) 
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Figure 2- 4 Anode and cofferdam 3D model, this type of mounting assure electric insulation and water tightness  

 

 

  

Figure 2- 5 Anode surrounded by a thick layer of epoxy plaster, the dielectrical shielding (Amarine Blog 2017) 

 

 

It appears that chlorine and acidity produced by the anodic processes is likely the reason why some 

foul control paint fail near the anode. 

At the best of our knowledge literature lacks of investigations dealing with concentration of these species 

near the anode, in addition, it is even hard to find values of the current density applied to the anodes: one 

paper (Xu et al. 2021) reports values of working current to be ≤ 600 A/m2 (60 mA/cm2) for a Mixed Metal 

Oxides (MMO). In this article (Xu et al. 2021) are reported similar values (250-1500 A/m2) for the Pt-covered 

Ti anodes. Moreover, an ICCP producer reported that when systems are designed, anodes are rated for a 

maximum current density of 100 mA/cm2. The current delivered by the system is not fixed nor continuous 

because it depends on the anticorrosive paint status. Actually, the 100 mA/cm2 threshold is never reached 

as anticorrosive paint does not reach such an extended failure during normal operation. Talking about 

concentration it is even harder to approach the argument in relation to the operative stages of the ship 

(sailing, mooring), since the concentration of polluting anodic byproducts around the anodes change 

drastically.  
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Hence, it appeared right to refer to the worst condition where coinciding with mooring without water 

flow over the hull, inducing the concentration gradients to reach an equilibrium. In these conditions it is 

easier to figure out what would be the values near the anode.  

 

To simulate conditions to which foul-control paints can be exposed it is necessary to figure out the 

pH and free chlorine values near the anodes in working conditions. These must be referred to 

current density reported in literature and suggested by ICCP system producers. The achievement 

of pH and free chlorine values were therefore obtained in an electrochemical cell simulating an 

ICCP system using a relatively high current density value imposed statically. 
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2.2. MATERIALS AND METHODS  

To obtain pH and free chlorine concentration data it was decided to perform some tests reproducing a scaled 

ICCP system, by testing two different type of anode: a classic platinum anode (Pt) and a Boron Doped 

Diamond anode (BDD), which has a high oxygen overpotential (Shi et al. 2021).  

Three types of tests were performed: 

 TEST A: Linear sweep voltammetry to compare Pt and BDD anodes and check if there is a 

possibility to control acidic drift with a high oxygen discharge electrode, 

 TEST B: Galvanostatic test with a scaled ICCP system, 

 TEST C: Galvanostatic test in low volume (300 ml) to verify if the solution overall acidic drift can 

be attributed to the precipitation of insoluble hydroxides. 

Part of these experiments were used also to focus some aspect of the cathodic disbonding test (CDT), a 

routine test to evaluate how paint is detached by over-protection by ICCP. These data can be found in the 

published article Benedetti et al. 2022. 

 Test A: Anode Linear sweep voltammetry Pt vs. BDD 

Prior the actual testing that enlighten which condition can be found near anodes, a preliminary test was 

performed to compare the two different anodes used in the subsequent tests. 

In these tests, Pt and BDD anodes were compared by linear sweep voltammetry (LSV) in order to achieve 

an introductory comparison of the electrode behaviors in presence or absence of Cl-, as suggested in (Jeong, 

Kim, e Yoon 2009; C. Zhang et al. 2017). Although the BDD anode is not used yet, it can be verified 

whether its properties are able to induce a limitation of the solution acidification, acting as possible 

accelerator of paint detachment. 

LSV were performed at a rate of 1 mV·sec-1 with Ag/AgCl electrode as reference electrode and an Fe 

wire as cathode. The instrument measures the intensity of the current needed to bring the electrode to a 

determined potential. The compared solutions were Na2SO4 0.1 M vs. Na2SO4 0.1 M + NaCl 0.6 M, 1L, 

room temperature. 

 Test B: Galvanostatic test with scaled ICCP system 

Evolution over time of free-Cl concentration and pH were measured at two different impressed current 40 

mA and 160 mA, Pt or BDD electrodes were used as anodes, a Fe wire was used as a cathode and an 

Ag/AgCl electrode was used as a reference.  

Four tests with the same setup were performed:  

 two anodes at two current values were used;  

 the duration of the test was 60 hours. 

 

The experimental setup was composed by a tank of artificial seawater, a galvanostat, a multichannel digital 

voltmeter, two pH-meter, a spectrophotometer and a computer. 

The setup scheme is depicted in Figure 2- 6. 
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Figure 2- 6 Experimental set up Test 2 

 

A cylindrical tank, 80 cm diameter and 75 cm high, was filled with 100 L of artificial seawater.  

Artificial seawater was obtained by solvating in freshwater the amounts of salts in the Table 2- 1. Once 

added the solution was stirred until complete solution. 
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Table 2- 1 Artificial seawater salt concentration 

Salt Concentration (g/L) Added quantity in 100 L (kg) 

NaCl 23 2.3 

MgCl2 6H2O 9.8 0.98 

Na2SO4 10H2O 8.9 0.89 

CaCl2 1.2 0.12 

 

The two different Pt and BDD anodes were composed of a foil of the material encapsulated in a plastic 

casing showing only one face, with a circular shape with an area of 1 cm2 (Figure 2- 7). The geometry is 

similar to the one used in anodes on ships. 

As a cathode a 2.5 mm thick Fe wire, was disposed all around the cylindrical tank to obtain a uniform 

current distribution of the current lines, the length of the wire corresponds to the circumference of the tank. 

The wire was wrapped to the edge of the tank holding it with nylon strings. As reference was used an 

Ag/AgCl electrode.  

  

Figure 2- 7 Anodes for the Galvanostatic test with scaled ICCP system: a) Pt anode, b) BDD anode 

 

The electrodes were connected to an Amel Galvanostat. Two values of current 40 mA and 160 mA were 

used: the first was chosen in the range of density currents used by ICCP system producers, the second was 

chosen to stress the conditions. 

A Voltmeter was connected to the electrodes to acquire the voltage over time necessary to maintain the 

current value. Two pH-meters were used to gather data near the anode and near the cathode. Both were 

placed at a distance from the surface of the electrode of about 15 mm. Both the pH-meters and the 

multimeter were connected to the PC to store the data. 

To measure the free chlorine concentration a Hach spectrophotometer was used with free-Cl measure kit 

LCK 410. Chlorine measurement rely on the oxidation of the N,N-diethyl-p-phenylenediamine (DPD), the 

intensity of the color of the solution is measured by the spectrophotometer in a range of 0.05-2.0 ppm. 

When samples were over the range a dilution of the sample was performed. The sampling was performed 

with a pipette withdrawing 10 ml of seawater near anode and cathode, more sample were acquired in the 

early part of the test.  

a) b) 
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 Test C: Galvanostatic confined volume precipitation test 

This test was performed to investigate the solution drifts towards acidic values, in particular to evaluate 

whether the acidic drift of the solution was attributable to the formation of insoluble hydroxides like brucite 

over the surface of the cathode.  

Two solutions were prepared: ASW (Artificial Sea Water) with salt concentration in table (Table 2- 1) 

and NaCl 35 g/l solution excluding the presence of Mg and Ca, onsetting the formation of insoluble 

hydroxide.  

The volume used for the test was 300 ml, a Pt anode with an exposed surface of 1 cm2 was used. As 

cathode, a 2.5 mm thick Fe wire with a surface of 20 cm2 was used. The reference was an Ag/AgCl 

electrode.  

A current of 10 mA was impressed to have a 0.5 mA/cm2 current density on the cathode. This value 

permits the precipitation of brucite, as reported by Barchiche et al. 2003.  

The test lasted 4.5 hours.  

During the test pH of the solution was measured, as well as potential of the anode and cathode respect to 

the reference. 
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2.3. RESULTS 

 Test A: Anode Linear sweep voltammetry Pt vs. BDD 

In Figure 2- 8, the Pt and BDD anodes behavior is presented.  

It is evident that for both electrodes, the currents in Na2SO4 solution are lower than currents in the 

(Na2SO4 + NaCl) solution, but BDD current response is lower than Pt in both solutions.  

 

Figure 2- 8 Linear sweep voltammetry performed on Pt and BDD 

 in Na2SO4 0.1 M (dashed curves) and in Na2SO4 0.1 M + NaCl 0.6 M (solid curves)  

 

Lower currents at the same voltage mean higher resistances for the electrochemical reaction to occur: LSV 

showed that BDD involves less current at the same voltage in both solutions with respect to Pt. 

These results suggest that a high oxygen discharge anode, could limit the production of hydrogen ions 

limiting the development of acidity near anode. 
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 Test B: Galvanostatic tests  

The time evolving curves of  pH (Figure 2- 9) and free-Cl,  (Figure 2- 10) obtained from galvanostatic 

polarizations at 40 and 160 mA in 100 L tank are presented in relation to Pt vs. BDD comparison. 

At 40 mA, near both Pt and BDD anodes pH exhibits wide fluctuations tending to acidic on average. 

Near the cathode, the curves are much more stable with a very slight decrease not crossing downward the 

pH=8 threshold in presence of both anodes (Figure 2- 9a). About free-Cl, after 12 hours the 1 ppm threshold 

is exceeded, ending around 10 ppm for both anodes. Differences are within the same order of magnitude 

with BDD determining lower free-Cl (Figure 2- 10a). 

At 160 mA, pH exhibits a stable behavior tending to a relatively uniform decrease near both anodes at 

apparently similar rate, with 0.5 pH constant difference (Pt less acidic). Near the cathode, pH decreased 

smoothly too approaching pH7.5 for both anodes, with <0.5 pH difference (Pt less acidic) (Figure 2- 9b). 

For both Pt and BDD, free-Cl exceeded 10 ppm after 12 hours, reaching 80 ppm eventually (Figure 2- 

10b). 

 

  

Figure 2- 9 pH time evolution near Pt or BDD anode and CS cathode  

during galvanostatic polarization at 40 and 160 mA in 100 L tank (full artificial seawater). 
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Figure 2- 10 Free chlorine time evolution near Pt or BDD anode and CS cathode  

during galvanostatic polarization at 40 and 160 mA in 100 L tank (full artificial seawater). 

 

 

 Test C: Brucite test 

The results of this test are presented in the two following Figure 2- 11. 

Looking at the time evolving potential it can be noted that the potential resulting by the galvanostatic 

polarization at 10 mA is always lower (and so the difference of potential is higher) than in 3.5% NaCl 

solution. This is due to a lower conductivity of the 3.5% NaCl solution with respect to the artificial seawater, 

richer in dissolved ions. The decrease and stabilization of the curves depends on the formation of a layer of 

precipitates over the surface of the cathode. While their starting potential is different, the potential at the 

end of the test reaches the same value. 

The pH time evolution exhibits different behaviors. pH in both solutions start at the same level, but 

successively differences occur. In NaCl 3.5% pH tend to stay unchanged around mild basic values in 

artificial seawater, after around 12 minutes’ pH falls towards acidic values and stabilizes asymptotically to 

pH 3.   
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Figure 2- 11 Time evolution of potential and pH a) in NaCl solution, b) in artificial seawater 

  

a) 

b) 
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2.4. DISCUSSION 

The linear sweep voltammetry test reports that Pt and BDD electrodes behave differently: BDD electrode, 

at the same applied voltages, exhibits always a lower current than the Pt electrode in both solutions, Na2SO4 

accounting for oxygen discharge only, Na2SO4+NaCl accounting for both oxygen discharge and chlorine 

evolution. 

Nevertheless, once turning to galvanostatic polarization, pH and free-Cl data showed that difference 

between Pt and BDD are not relevant. Hence, the prevention of pollution by anodic by-products with high 

oxygen discharge anode does not seem a valid solution. The reason was not further investigated. 

The results obtained in the galvanic test on the scaled ICCP system aimed to obtain pH and free-Cl values 

near anodes in static condition with two different current values imposed statically: a lower mimicking a 

working condition with a quite damaged anticorrosive coating, a higher one overwhelming the designed 

current density limit. 

The test at 160 mA cm-2 describes what happens at 4 times the value of current density that is reasonably 

reached during operation of a ICCP system; this value is more than 2 times the density current value found 

in literature. This experiment aims to stress the condition with high current density. The values obtained at 

40 mA cm-2, i.e. a high but reasonable working current density, are the ones on which rely on. 

The oscillation of pH at curves obtained at 40 mA depends on convective mechanism. The intense gas 

evolution at the anode of oxygen and chlorine at 160 mA is continuous, while is not at 40 mA. This 

occurrence creates the fluctuation on the measurements (Benedetti et al. 2022). The pH downward peak 

reaches values around 2-3, while the baseline tends to drift toward acidic values. 

About free chlorine, at 40 mA cm-2, the paint near the anode is supposed to be easily exposed to values 

around 1 ppm. In particular conditions, i.e., when the water volume is confined and there is no stirring, the 

paint could be exposed even up to 10 ppm; this value is rather a threshold far less probable when ship is 

sailing. 

The galvanostatic test in confined volumes offers two relevant information: 

1. The overall acidic drift of the solution occurs in concomitance with Mg(OH)2 precipitation, 

2. pH tends asymptotically to 3, meaning that at the cathode the brucite formation/solution is the result 

of a dynamical equilibrium. 

The drop of pH is observed in the bulk solution only when there is a precipitation of brucite. This means 

that acidification of small confined basin in which ICCP system may be running creates a problem only if 

there is a massive precipitation of brucite, which is unlikely to occur over painted metal surfaces, suggesting 

that acidification of a basin is unlikely easy to observe. However, confined volumes can potentially enlarge 

the area of detachment as no stirring enhance a local pH drop and a local free-chlorine rise. 

Finally, these tests give a direction of understanding the ‘pH/free-Cl’ conditions to which the paint are 

exposed near the anodes. Obviously, in field conditions it looks to be more complex if hydrodynamics is 

taken into account. Hence, thinking about the ‘pH/free-Cl’ conditions to which expose the foul control 

paints in order to simulate near anode affected seawater, a matrix will be built considering not only 
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reference and harshest pH/free-Cl values, but intermediate values as well. The matrix of ‘pH/free-Cl’ 

conditions inferred by the previous galvanostatic tests is presented in chapter 4.  
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3. FOUL CONTROL TECHNOLOGIES 

3.1. INTRODUCTION TO BIOFOULING 

With the term “fouling” the Oxford English Dictionary refers to “the process of accumulation of unwanted 

materials at an interface”.  

Normally the material that accumulates can be inorganic or organic, but it can also include organisms. 

Organisms can range from small viruses to giant kelps; these organisms can form complex multi species 

communities («Front Matter» 2009). It was then added the prefix “bio” to refer to a fouling composed of 

organisms. This term is used for the first time in 1976 («Web of Knowledge» 2022). 

The interface on which biofouling 

occurs can be composed of various phases: 

solid-liquid, liquid-liquid, solid-gas, 

liquid-solid.  

This broad definition makes this term 

usable in many different fields, from 

medical to industrial. The field in which 

this term is more common is marine 

biology and it is referred as marine 

biofouling. Life has developed in the 

ocean; biotic pressure is very high in this 

environment. Everything that is exposed to 

the sea gets covered of life (Figure 3- 1).  

 

The process starts with the development of 

the conditioning film: the surface gets covered by proteins and organic material that form a valid substrate 

for bacteria (Figure 3- 2).  

First bacteria do not adhere to the surface, but within minutes-hours their adhesion is completed, and the 

biofilm is formed.  

Later on, diatoms and microalgae spores attach to the biofilm.  

Last organisms to take a part in this process are macroalgae, vertebrates and invertebrates like mussels 

and barnacles, these organisms are the most known and normally the term biofouling is referred to a 

coverage of this type of organisms (Grzegorczyk et al. 2018). 

 

Figure 3- 1 A marine biofouling example 
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Figure 3- 2 Biofilm and biofouling growth time scale and length scale (Grzegorczyk et al. 2018) 

Biofouling can bring issues in a wide range of fields.  

In biomedical field the presence of bacteria over a surface can bring to a contamination or even to an 

infection or to the spreading of pathologies.  

In marine engineering biofouling cause issues like biocorrosion (Coetser e Cloete 2005), occlusion in 

piping systems with consequent stop of the plant, covering of filtering and osmosis membranes (Hoek, 

Weigand, e Edalat 2022), exclusion of sensors due to covering.  

Last, but not least, the more commonly known issue: the coverage of ships hulls. This problem is well 

known since the first seagoing vessels build from Egyptians and Phoenicians (Laidlaw 1952) and since then 

many strategies were adopted to prevent biofouling formation.  

 

Until the production of steel ships, the biofouling was a ship integrity problem: Teredo navalis, known as 

shipworm, pierces the wood and build a carbonates shell around it; when too many worms grew in the 

ship’s wood, the ship collapsed and sank.  
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Nowadays the problem is no more on the integrity of the ship, but it has other larger impacts: biofouling 

over ship’s hulls increases the drag, the drag increase means a larger amount of fuel used, this means higher 

cost and higher impact on climate change. The increase of consumption can go up to 40-60% (Hakim et al. 

2018), with the same increase of carbon dioxide emissions. Milne, as cited in reference (Townsin 2003), 

reported, for instance, that the world fleet could save a potential $720 million USD (value in the year 1989) 

in fuel costs due to the reduced frictional resistance of ships with the introduction of the so-called ablative 

hull coatings (Lindholdt et al. 2015). 
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3.2. FOUL-CONTROL PAINTS 

 Overview 

Biofouling over ships’ hulls was treated with different techniques; the application of tar or, later, metal 

sheets (lead or copper) were quite effective (Laidlaw 1952).  

Copper, for example, worked in two ways; it prevented the ship worms to pierce the hull and prevented 

the growth over the surface thanks to the formation of its toxic oxide. This technique was later abandoned 

when steel started to be used as hull’s material, since copper induces galvanic corrosion over steel 

(Romairone 2006).  

Paint coatings were then introduced. The simplest mechanism to prevent biofouling formation is to have 

a toxic layer: what attaches to the surface, dies due to the toxicity of the surface. First paints used cuprous 

oxide, just like the metal sheeting used in 1700. This biocide is still widely used (Paz-Villarraga, Castro, e 

Fillmann 2022). Its efficiency depends on the matrix of the paint in which it is dispersed. There are three 

different mechanisms of release of the toxic agent (Figure 3- 3): insoluble matrix, controlled depletion and 

self-polishing (Yebra, Kiil, e Dam-Johansen 2004). 

 

Figure 3- 3 The aging and release rate of antifouling agents under different polymer matrixes (Tian et al. 2021) 

Innovation and research brought new and more efficient biocides to be used in production. Many of these 

biocides are based on heavy metals; some of them use organometallic compounds to make the metal more 

bio-available.  

The most famous, is the tributyltin, TBT. It became easily the most used antifouling thanks to its high 

toxicity and bio-availability. This biocide, despite its efficiency, has a tremendous drawback; it is well 

documented how accumulates in the marine environment and impacts marine life (Dafforn, Lewis, e 
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Johnston 2011). In 2003 this biocide was banned in paint production, in 2008 application on ships was 

stopped by IMO (IMO 2008). Although there is evidence that this biocide is still used in paint production 

(Paz-Villarraga, Castro, e Fillmann 2022), much progress in Foul-Control paints has been made: biocide-

free techniques have been developed, as many reviews report (Jin et al. 2022; Qiu et al. 2022; Tian et al. 

2021).  

Among biocide-free techniques there are many still under development (superhydrophobicity, 

microstructuring, switchable coatings, Slippery Infused Porous Surface, SLIPS…), while others are already 

in production (biocide free self-polishing coatings, foul release coatings). 

 

For our study, two commercial biocide-free foul control paints have been selected: a foul release 

coating and an amphiphilic self-polishing coating. 

 Foul-Release Coatings 

Foul Release Coatings (FRC) are quite a new technology, introduced in the market more than a decade ago. 

This type of foul control coating works with a quite simple mechanism: it offers a surface to which 

organisms form a weak adhesion. Then, organisms get easily detached by shear forces like water current 

formed by ship movement (Figure 3- 4). 

 

Figure 3- 4 Schematic illustration of FR systems (Lejars, Margaillan, e Bressy 2012) 

 

Experimental studies on biofouling adhesion has brought to Figure 3- 5 (Baier 2006).  

This graph shows that there is the lowest degree of adhesion of biofouling between 20 and 30 mN/m. 

This range overlaps the surface tension of methylsilicones. 
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Figure 3- 5 “Baier” curve that represents (Baier 2006) 

 

Not only surface tension, but elastic modulus and thickness are important in this type of coating. Elastic 

modulus needs to be high, thickness too; if they are too low, the organisms can penetrate the coating, 

attaching to the more solid inner layers (Candries, Anderson, e Atlar 2001). Polydimethylsiloxane (PDMS) 

well represents these characteristics, in fact it is the most common polymer used in FR coatings. Some 

fluoropolymers with similar characteristic are used too. 

Foul release coatings have been used for more than a decade and remain the main alternative to biocidal 

antifouling technologies (X. Han et al. 2021).  They have the advantages of being ecofriendly, but some 

reports concern about the release of silicone oils (Lejars, Margaillan, e Bressy 2012). They present a low 

friction that helps reducing consumption. Their main disadvantage is that they are not easy to apply: they 

require precise timing during the application and the application tools need to be cleaned readily after use. 

They are also easy to damage if the hull hits a hard surface. Moreover, their release mechanism is activated 

only at a relative high speed, 10-15 knots; this is why these paints are used mainly on large ships. 

 

Instersleek 1100SR was selected as FR paint for this study. This paint is produced by “International”. 

This is a fluoropolymer whit a silicone base (International Paint Akzo Nobel s.d.). 
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 Amphiphilic self-polishing coatings 

This type of paint has been released on the market in the last 5 years. The mechanism of action is quite 

similar to the foul release, as organisms cannot form a strong adhesion to the surface. At nanoscale the 

surface has distinct domains with hydrophilic and hydrophobic properties (Figure 3- 6). 

 

 

Figure 3- 6 Schematic representation of an amphiphilic polymer coating and phase separation surface (a green 

hydrophilic polyethylene glycol segment and a blue lipophilic fluoropolymer segment) (X. Han et al. 2021) 

These materials are designed and inspired by the micro-phase separation of structures on the inner wall 

surface of blood vessels, which usually have rugged surfaces that prevent protein adhesion and thrombus 

condensation (X. Han et al. 2021). The resulting chemical ambiguity, expressed in terms of amphiphilic 

nanodomains on the surface, may lower the entropic and enthalpy driving forces for the adsorption of the 

marine protein and glycoprotein bioadhesives, which are themselves amphiphilic in character (J. A. Callow 

e Callow 2011). In literature it is reported that normally this type of coating is composed of two different 

polymers linked together: a fluoropolymer and a polyethilenglycole (Barletta et al. 2018). 

This class of foul control paints seems really promising. They are not yet affirmed on the market, but 

their share is growing. They have the great advantages to not contain biocide and to be easy to apply (easier 

than FRC). 

 

For this study “Aquaterras”, produced by Nippon Paint, was selected. This paint is also a self- 

polishing one; this means that the surface gets renewed by hydrolyzing the paint. The chemical 

composition of this paint is not known. This paint started to be commercialized in 2017, so it is quite 

recent and its in-field issues and drawbacks are still not well known (Nippon Paint, s.d.). 
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3.3. SAMPLE PREPARATION 

In total, 60 steel plates were prepared with dimension of 100x80mm, from a 1.5 mm thick sheet. On each 

steel plate two holes with a diameter of 6 mm were drilled in the angles of the shorter side of the sample 

(Figure 3- 7).  

     

Figure 3- 7 Sand blasting: a) equipment; b) as received (left) and sandblasted (right) samples 

Samples were then divided in two batches, to apply the two different paint cycles. In both cycles an epoxy 

primer was applied on the back and on the front of the panels to protect the base metal from oxidation. The 

foul control coatings were applied only on one face of the sample. Table 3- 1 reports the thickness of each 

coat, with its commercial name. 

The SP paint samples were then covered with a tie-coat and then with the SP paint.  

The FR samples were painted with a siliconic tie-coat and finally with the foul release fluoropolymer. 

Table 3- 1 Paint cycles with thickness 

SPC – AMPHIPHILIC [AQUATERRAS NIPPON PAINT] 

NOA 10F – Epoxy primer – Yellow 300 µm 

NOA AC II – Tie coat 75 µm 

AQUATERRAS 1000 – Foul release SPC 125 µm 

TOTAL 500 µm 

 

FR – FLUOROPOYMER [INTERSLEEK 1100SR INTERNATIONAL] 

INTERSHIELD 300 – Epoxy primer - Bronze 300 µm 

INTERSLEEK 737 – Tie coat siliconic 50 µm 

INTERSLEEK 1100SR – Foul release fluoropolymer 100 µm 

TOTALE 450 µm 

a) b) 
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The application of the coat was performed following the specifications suggested by the producer; attention 

was paid to avoid improper application to avoid issues during the subsequent tests. 

All the coating were spray-painted; thinner was added to reach the sprayable consistence (Figure 3- 9). 

The final scheme of the antifouling systems is reported in Figure 3- 8. 

 

       

Figure 3- 9  

Spray paint application   

 

  

Figure 3- 8 Schematic image of the different paint cycles 

(outer layer on the top, inner layer at the bottom) 
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3.4. PAINT AGING 

Once applied, paints were aged. The producer suggested to maintain samples in a tank filled with a 3-5% 

NaCl solution at 30°C for one month. Then, an aquarium was prepared and filled with 120 l of tap 

freshwater (Figure 3- 10). 4.2 Kg of NaCl were added to reach a concentration of 35 g/l.  

     

Figure 3- 10 Aquarium for sample ageing: a) front side; b) top side 

A 400 W heater was inserted in the aquarium to reach and maintain the temperature of 30°C; a ricirculating 

pump with a flow of 35 l/min was also installed; this allowed the water to be stirred. Pump was time 

controlled: 15 minutes of running, half an hour of standing by. The heater was termostatic.  Samples were 

hanged with cable ties to a regularly drilled wodden pole; then the pole was layed over the edges of the 

aquarium. Four poles were prepared to hold 15 samples each. All the 60 samples were immersed once the 

solution reached 30°C (Figure 3- 11). 

   

Figure 3- 11 Disposition of the sample in the aquarium for ageing: a) front side; b) top side 

After 30 days the water became dark because of the leaching of the uncured paint. Samples were extracted, 

rinsed and dried with paper towels. 

a) b) 

a) b) 
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PART II 

SYSTEMS INTERACTION INVESTIGATION 

 

In this second part, the interaction between the ICCP and coating systems are 

investigated, by developing an exposition treatment for the coatings in condition 

developed by ICCP system. Later a physical-chemical characterization and a testing 

of foul control property after the treatment are performed. 

 

CHAPTER 4  

DEVELOPMENT OF ANODE-LIKE CONDITIONS FOR THE SAMPLES 

CONDITIONING 

 

CHAPTER 5 

PHYSICAL-CHEMICAL CHARACTERIZATION AFTER TREATMENT 

 

CHAPTER 6 

FOUL CONTROL PROPERTIES TESTS 
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4. DEVELOPMENT OF ANODE-LIKE CONDITIONS FOR THE 

SAMPLES CONDITIONING 

4.1. EXPERIMENTAL PLAN 

An experimental setup was developed to simulate the exposition of paints near the anode. From Chapter 2 

it is known which conditions can be reached near the anode of an ICCP system. Conditions depend by two 

factors: the oxidation of water, that produces acidity, and the oxidation of chloride, that produces free-Cl.  

To investigate whether pH or free-Cl is responsible for the paint degradation, a “matrix of conditions” 

was deigned (Figure 4- 1). 

 

Figure 4- 1 Scheme of the nine environments were the FR (red rectangles) and SP (brown rectangles)  

samples are conditioned 

In Figure 4- 1 are also reported the samples of the paint immersed in each tank. As it is visible from the 

scheme 3 replicas of each paint in each condition are employed. These replicas are necessary to have a 

statistical base, and they can be used for different characterization techniques. 

A 3x3 matrix was chosen, which included 3 different ranges of conditions (pH/free-Cl) that try to 

resemble the real conditions, which vary due to the proximity to the anode and the stirring of the seawater. 

The chosen pH values were: 8, 3 and 5 resembling, respectively, natural seawater, the minimum value 

reached near anode during tank and brucite testing (Chapter 2) and a mild acidic value between the previous. 

Free-Cl values were obtained from the 40 mA curves. At the beginning and at normal conditions the 

value is zero; after a few hours its concentration reaches a range between 0.3 and 0.6 ppm, and after a day 

it reaches 3-6 ppm, and then stops asymptotically around 10 ppm. Concentrations of free-Cl are expressed 
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in ranges in the matrix as it is not simple to have a singular value: concentration of chlorine, especially in 

acidic solution, is subject to desorption, that lowers its concentration over time. 

As shown in Figure 4- 2, the presence of the different free-Cl species is in function of the pH of the solution. 

Usually, free-Cl is commercialized as sodium hypochlorite NaClO and it is stabilized by a basic solution 

around pH 10; if we move toward acidic values (pH 6-4), the HClO species becomes predominant. If we 

move over pH 4, chlorine is present as Cl2 in solution; but, since solubility of the gas is not so high, it is 

released in gaseous form. This is one of the reasons why it was decided to fix the pH value at 3: chlorine is 

present in gaseous form, but not all the free-Cl is in this molar fraction. This allows to have active free-Cl, 

but it is still manageable as it is not only in gaseous form. Obviously, this is the condition were the 

desorption rate of free-Cl is higher.  

 

Samples prepared as reported in Chapter 3 were later named with an identification code that reports the 

paint type and the conditioning tank in which the paint will be exposed: TYPE/pH-fCl/replica. 

0.5 ppm and 10 ppm were used instead of the ranges 0.3-0.6 and 3-6 ppm. For example, a Foul Release 

sample exposed at pH 5 and free-Cl 3-6 ppm will be named: FR5-10a.  

A self-polishing paint exposed to pH 8 and free-Cl 0 ppm will be named SP8-0c. 

Some samples were note exposed to any condition of the matrix these samples will be referred as 

“external blank” and their identification code will be TYPE/replica for example FRb or Spa. 

 

  

Figure 4- 2 Molar percentage of free-Cl specie through 

pH variation. (L. Wang et al. 2007)  
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4.2. EXPERIMENTAL SETUP DEVELOPMENT 

Different stages were necessary to prepare the setup designed in Figure 4- 3: 

 Study of the quantities of HCl and NaClO to be added to reach the desired concentrations 

 Free Chlorine desorption observation 

 Development of a system and a protocol that allows the maintenance of the desired conditions  

 Study of the quantities of HCl and NaClO to be added to reach the desired 

concentrations 

The first aspect was experimentally investigated in the laboratory by filling one 500 ml beaker of natural 

sea water available in the laboratory. The pH of the solution was measured with a digital pH meter. The 

initial pH of the solution showed a value of 8.3. A 1M solution of HCl was prepared starting from 

concentrated HCl (37%). The 1M solution of HCl was gradually added to the 500 ml of natural seawater, 

checking the pH value reached after stirring the solution. Figure 4- 3 shows the trend of pH as a function 

of the addition of 1 M HCl volume. 

The desired values are pH 5 and pH 3. To reach these values in 500 ml of natural seawater we need to 

add about 1.2 ml and 1.5 ml of 1M HCl. The initial addition for the 50 l tanks was therefore 120 ml to reach 

pH 5 and 150 ml to reach pH 3. 

 

Figure 4- 3 pH values relating to the addition of a 1M solution of HCl to a 500 ml solution of natural seawater 

Values of chlorine to be added were instead tested on the scale of the experiment, i.e., a 50 l tank. This 

choice was dictated by the fact that also the desorption rate of chlorine from the solution had to be studied. 

The best way to do that was to observe the desorption in the same tanks where then the test would be carried 

out. This allows to have the same volume and the same surface exposed to the atmosphere. 

The volume of hypochlorite to be added was found with a simple calculation of the concentration: 13.2 

ml of concentrated hypochlorite, 150 g/l, are necessary to bring a 50 l tank to 10 ppm of free-Cl.  
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6.6 ml of hypochlorite at a concentration of 15 g/l were added to bring the tanks to a concentration of 0.5 

ppm of chlorine. Additions were performed in all the tanks to bring them to the desired value; later a check 

was carried out:  the chlorine concentration was then measured with a colorimetric technique using the 

DPD reagent. The concentrations turned out to be those calculated. 

 Free Chlorine desorption observation 

It is well known in literature that free chlorine in aqueous solution is in equilibrium between gaseous Cl2 

and hypochlorite ion and it tends to desorb from solution as Cl2O (Lahiri, Yadav, e Sharma 1983). This 

phenomenon brings the free chlorine to a decrease through time.  

Concentration ranges value (0 ppm, 0.3-0.6 ppm and 3-6 ppm) were chosen because of the difficulty to 

maintain a specific value.  

Measures were conducted to have an idea of the rate of desorption in the tanks containing 50 l volume. 

Observation showed that in tanks with solution containing about 0.5 ppm of chlorine, the value dropped 

and reached 0.2 ppm in 1-2 days. Tanks with solution containing about 5 (or higher) ppm of chlorine had a 

drop in concentration of about 2 ppm in the same time. The desorption rate is obviously temperature 

dependent, but not much effort was made in further investigation as temperature was stable during the 

period of exposition (exposition was performed in summer).  

Moreover, as different pH present different rates of desorption it was decided to check each time the 

value of free chlorine prior the addition of sodium hypochlorite. 

 Development of semi-automatic NaClO addition system 

In the previous paragraph was evidenced how an additon of free chlorine every two days allows the solution 

to be mantained in the desired chlorine concentration ranges.  

The 0.3-0.6 ppm solution tanks will have a variation of around 0.2 ppm, while the 3-6 ppm solution tanks 

will have a variation of around 2 ppm in the same time laps, 1-2 days. As these additions had to be made 

on a regular basetime, an automatic addition system was implemented. Two concentrated solutions, a 

multirail peristaltic pump and a timed relay were used.  

The schematics of the system are shown in Figure 4- 4, while the real set-up is reported inFigure 4- 5. 

 



DEVELOPMENT OF ANODE-LIKE CONDITIONS FOR THE SAMPLES CONDITIONING  39 

 

Figure 4- 4 Schematics of the semi-automatic NaClO addition system 

 

 

       

Figure 4- 5 Semiautomatic addition system: 

 concentrated hypochlorite solution bottles, peristaltic pump and in blue the programmable relay  

 

a) b) c) 
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The peristaltic pump has six different tubes, three of them suck 150 g/l sodium hypochloride solution, and 

three suck the 15 g/l sodium hypochloride. The solution with higher concentration was added to the 3-6 

ppm solution, while the lower concentration solution was added to 0.3-0.6 ppm solution. The peristaltic 

pump adds the same amount of volume for each tube.  

A calibration was performed to have the proper amount of hypochlorite. Pump speed was fixed, while 

running time was reguleted to 65 s to obtain an addition of around 6.6 ml.  

Another problem rised as sodium hypochlorite solution, to be stable, has a pH value of around 10. For 

every addition, the, the pH of the conditioning solution was moved toward basic values. So each 

hypochlorite addition was followed by a pH check and an addition of HCl. 

To make a fully automated system it was also necessary a feedback loop after the addition, i.e. a check 

of free-Cl concentration. This task was hardly automatizable as thi measurement was made with the DPD 

colorimetric test. This technique provides taking 5 ml of the solution, adding two reagents and compare the 

colour of the solution to a standard.  

These two issues made not possible to develop a fully automated condition control system, making 

necessary the presence of an operator. 
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4.3. FINAL EXPERIMENTAL SETUP 

The nine tanks were placed at CNR-IAS experimental marine station placed in the Genoa harbor ( 

Figure 4- 6). Each tank was filled with 50 l natural seawater, then were added 120ml to reach pH 5 and 

150ml to reach pH 3 in the corresponding tanks.  

Subsequently sodium hypochlorite was added trough the addition system. Values of free-Cl were then 

checked with colorimetric method DPD, pH was measured with a digital pH meter and if necessary HCl 

was added again.  

Wooden supports were prepared, one for each tank. They were tailored to fit the tank leaving the 

possibility to close the lid. The support was drilled at a regular distance allowing the samples to be hang 

with two cable ties as it was done during the aging. 

 
Figure 4- 6  

a) View of the tank in which samples are immersed for conditioning at Experimental marine station of CNR-IAS 

b) Detail of a tank with immersed samples during a pH check. The wooden support does not prevent the lid to close 

the tank 

 

Immersion in the conditioning bath started on 11 June 2022. From that day on every 3 days at least, pH and 

free-Cl values of all the tanks were registered and, if necessary, corrected and registered again. 

The routine check consisted of: check of pH and free-Cl concentration on each tank. Free chlorine is 

measured via DPD colorimetric test, pH via a digital pH meter. If values of free chlorine had dropped, 

addition need to be made, so the semiautomatic addition system was activated. After the addition, free 

a) a) 

b) 
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chlorine concentration was checked again; if it had not reached the desired value, another addition was 

again run, otherwise pH was checked and corrected via a HCl addition. 

This routine allowed the record of the real conditions in each tank for the overall period of testing. 

 

4.4. CONDITIONS OF THE TANKS 

In Figure 4- 7 is presented the time evolution of all the 9 ‘pH/free-Cl’ treatments along the 3 months 

exposition. pH showed a narrow dispersion, while free-Cl showed a larger dispersion; indeed, the free-Cl 

concentrations had to be continuously corrected to maintain the desired values.  

It is ready visible that each condition is well different from the other, there is no overlapping of values. 

Paint exposed to this matrix have gone through a wide range of conditions, from a non-modified seawater 

solution to the harshest modified environment. 
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Figure 4- 7 Actual time evolution of pH and free-Cl concentrations for the 9 solutions with nominal pH=8, pH=5, 

pH=3 and nominal free-Cl concentrations of 0, 03-0.6 and 3-6 ppm. In the head of each graph is indicated the mean 

standard deviation of measured pH and free-Cl data along the 3 months monitoring 
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5. PHYSICAL-CHEMICAL CHARACTERIZATION AFTER 

TREATMENT 

5.1. METHODS 

After the 3 months exposition to the ‘pH/free-Cl’ chemical treatments, all the specimens were rinsed with 

freshwater and were naturally dried for few days. The variation of the following parameters was evaluated 

to investigate how the ‘pH/free-Cl’ chemical treatments affected the two paint systems  

 Visual and photogrammetrical inspection 

Images were collected after 1, 2 and 3 months of exposition and were analysed using Image-J software. 

The general aspect of the samples was initially evaluated considering macroscopic alternations and possible 

colour variations.  

If specimens showed a blistering damage detectable at a sufficient extent, data were collected by 

highlighting all the blisters and filling them with white colour; then, by the tool “analyse particles” it was 

possible to obtain the following parameters (Figure 5- 1):  

i) number of blisters,  

ii) percentage of blistered area,  

iii) blisters area distribution.  

The three painted panels in a determined ‘pH/free-Cl’ treatment were evaluated as one undivided 

specimen. 

       

Figure 5- 1 Blistering image analysis  
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 Thickness variation 

Thickness measurements were performed on ‘as prepared’ panels and at the end of the exposition using a 

digital dry film thickness (DFT) gauge fitted with a ferrous probe (Figure 5- 2a).  

A mask was prepared to define discrete measurement points for the recording of coating thickness, before 

and after the 3 months exposition, in 5 fixed points in each of the three replica panels in every ‘pH/free-Cl’ 

chemical treatment (Figure 5- 2b). n=15 sized samples were therefore generated for statistical evaluations 

(paired t-test, p=0.05). The thickness variation was investigated for both FR and SP paints in all the 

chemical treatments.  

     

Figure 5- 2 a) Thickness measurement set up b) Mask used for measures replicability 

 Profilometry 

The surface features of the applied paints before and after treatment were quantitatively analyzed and 

measured with a 3D non-contact profilometer (Sensofar S-neox) using the confocal laser scanning 

technique.  

This involves scanning a surface point by point using a focused laser beam; out-of-focus light is 

prevented from entering the imaging system and only the in-focus plane on the sample is captured. In such 

a way, a precise 3D reconstruction is possible.  

The profilometer is equipped with three CF60-2 Nikon objectives that allow measurements at different 

magnification scales; namely: 5 (field of view: 3.512.64 mm2; spatial sampling: 2.58 µm; vertical 

resolution: 75 nm), 20 (field of view: 877660 µm2; spatial sampling: 0.65 µm; vertical resolution: 8 nm) 

and 100 (field of view: 175132 µm2; spatial sampling: 0.13; vertical resolution: 2 nm). Quantitative 

measurements of the surface roughness, Sa, according to the ISO 25178 standard have been performed 

using the software embedded in the system (SensoSCAN). 

a) b) 
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 Contact angle 

Contact angles were measured achieving the picture of a deionized water drop over the surface with a 

micro-cam. The image was then elaborated with the Image-J software using a plugin called “drop-analysis” 

(Stalder et al. 2010) providing the contact angle (CA) of a low-bond axisymmetric drop by adjusting a line 

to its contour. n=15 sized samples were achieved before the immersion and were compared with n=15 

samples that underwent immersion allowing statistical evaluation (t-test, p=0.05) (Figure 5- 3). 

 

Figure 5- 3 Interface of Image J plug-Drop Analysis in for contact angle measurements (Stalder et al. 2010) 

 FTIR analysis 

Possible chemical modification of the surface was evaluated by FTIR-ATR analysis with a Perkin-Elmer 

spectrum two. Spectra were achieved only on panels immersed in the ‘pH=3/free-Cl 3-6 ppm’ and on the 

not exposed blanks. FTIR spectra was also acquired over the primer in the backside of specimens. 

 Heating with high humidity treatment 

Successively, on the basis of the obtained results, FR and SP painted specimens coming from five 

determined 3 months treatments underwent a physical conditioning consisting of an exposition for 2 weeks 

to a 100% relative humidity at 26°C atmosphere.  

Figure 5- 4 resumes all the performed investigations. 
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Figure 5- 4 Map of the investigations performed on the two coating systems, FR and SP: S (thickness), CA (contact 

angle), P (profilometry), IR, U (2 weeks exposition to 100% relative humidity/26°C atmosphere performed after the 

chemical treatment), B (blistering degree) 
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5.2. RESULTS 

 Visual and photogrammetrical inspection 

Figure 5- 5 shows the appearance of the FR and SP paints after the 3 months exposition to the chemical 

treatments. The pictures of previous months are reported in Appendix 10.1. 

The blistering appeared evident only for the FR paint exposed to the ‘free-Cl 3-6 ppm’ treatment at all 

the pH values. In turn, the polymer network of the SP paint became softer and easier to scratch with respect 

to the beginning of the exposition.  

 

Figure 5- 5 Appearance of: a) FR and b) SP, painted panels exposed for 3 months to different chemical treatments  

In Figure 5- 6, the number of blisters and the % of blistered area are reported in function of the immersion 

time.  A pH dependence was observed: the more acidic the pH, the lower the number of blisters and the 

larger the blistered area. 

 

Figure 5- 6 FR paint exposed to the ‘pH=3/free-Cl 3-6 ppm’ treatment: time evolution of: a) number of blisters; b) 

% of blistered area 

  

a) b) 

a) b) 
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A finer analysis of the data is reported in  Figure 5- 7.   

The box plot distributions of the blistered areas for pH=8, pH=5, pH=3 evolving along 3 months are 

presented in Figure 5- 7 a),b),c) respectively. Remembering that:  

i) the median is the blister area value below which it is found the 50% of area values, 

ii) the mean is computed considering all the area values, 

then, the difference M=mean-median weights the blister areas larger than the median value. 

In Figure 5- 7 d),e),f) the monthly M evolutions for each pH are presented, which are analytically fitted 

with an asymptotic model at pH=8 (r2=0.947, Eq. 5.1), polynomial 2nd order model (r2=0.998, Eq. 5.2) at 

pH=5, exponential model at pH=3 (r2=0.999, Eq. 5.3).  

 

𝑀(𝑡)𝑝𝐻=8 = 0,136 − 0,136 × 0,212𝑡             (5.1) 

 

𝑀(𝑡)𝑝𝐻=5 = −0,075 + 0,4𝑡 + 0,9𝑡2           (5.2) 

 

𝑀(𝑡)𝑝𝐻=3 =  −0,378 + 0,378 × 𝑒
𝑡

0,564           (5.3) 

 

The derivative 
𝑑𝑀

𝑑𝑡
 at each pH (Figure 5- 7 g),h),i)) describes the speed at which M evolves; in other words 

how rapidly larger blisters increase. It is evident that at pH=8 relatively larger blisters increase at a 

progressively decreasing rate, at pH=5 accelerate at a constant rate, at pH=3 accelerate exponentially. 

The decrease of the number of blisters in parallel to the increase of % of blistered area is explained by 

the coalescence of blisters.  

Therefore, results in Figure 5- 7 reveal that the rate of the coalescence increases very rapidly as pH turns 

acidic, determining at pH=3 the largest blistered area that reached the largest extent with the largest 

acceleration.  
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Figure 5- 7 Time evolution of the box plot distributions relative to the areas of blister in free-Cl 3-6 ppm for  a) 

pH=8; b) pH=5; c) pH=3. Time evolution of the difference M=mean-median (red line fitting model of M(t)) in free-

Cl 3-6 ppm for e) pH=8; f) pH=5; g) pH=3. Time evolution of  
𝑑𝑀

𝑑𝑡
 in free-Cl 3-6 ppm for g) pH=8; h) pH=5; i) 

pH=3.  
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 Thickness variation 

Figure 5- 8 presents the following parameters: 

- Spre (m), representing mean±s.d of the thickness value before immersion for n=15 sized 

samples, 

- Spost (m), representing mean±s.d of the thickness value after immersion for n=15 sized samples,  

- %, representing the percentage difference between the means of post and pre thickness values. 

In the reference ‘pH=8/free-Cl=0’ condition neither FR nor SP paints suffered statistically significant 

thickness reduction.  

For FR paint, with chemical treatments featured by pH<8 and free-Cl>0 ppm, the thickness reduction 

increased with the strength of the treatment reaching up to 4.75 % in the harshest conditions.  

For the SP paint, the thickness difference was statistically significant only at pH=5 and pH=3 with free-

Cl=3-6 ppm, with 0.9 and 2.2 % thickness reduction, respectively.  
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Figure 5- 8 Thickness values (m) Spre±s.d, Spost±s.d. before and after the 3-month immersion and % values after 

the immersion in different pH/free-Cl chemical treatments. Bold values represent statistically significant difference 

(p-value<0.05). Red values represent not statistically significant difference (p-value0.05) 

 Profilometry 

The not immersed surfaces of FR and SP samples were compared with surfaces immersed in the harshest 

pH/free-Cl conditions. 

The 3D reconstruction of the surface of the FR paint is shown in. The surface appeared to be wavy at the 

naked eye and this feature can be realized looking at low magnification profiles and Sa values (Figure 5- 9 

a1, a2). On the other hand, higher magnification profiles (Figure 5- 9 a3) evidenced that the surface is 

actually very smooth (Table 5- 1), as confirmed by Sa values laying in the 10-100 nm range. The 3D 

reconstruction of the surface of the SP paint is shown in Figure 5-10. Before immersion the surface appeared 

rough (Figure 5- 10 a1, a2, a3) with Sa values in accordance (Table 5- 1). The 3 months immersion induced 

a further roughening level. In addition, the formation of holes was detected (Figure 5- 10b1, b2, b3). 

Acidity 

(pH) 

Acidity 

(pH) 

free-Cl (ppm) free-Cl (ppm) 
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Data in Table 5- 1show that at the highest magnification (100) FR paint exhibits the smother surface 

which resulted basically unmodified after the treatment, being Sa before the chemical treatment 0,036 m, 

and 0,054 m after the treatment. At the same magnification, SP exhibited a 10-fold higher Sa, which 

increased from 0.22 m to 0.27 m. This variation is supposed to depend on the holes observed after the 

treatment (Figure 5- 10 b3). At lower magnifications, 20 and 5, the FR and SP paints exhibit an 

apparently similar behavior, being Sa i) in the same order of magnitude, ii) increasing after the treatment. 

It is possible that roughness values may be influenced by the presence of residual scraps left after the 

chemical treatment, or that the treatment induce a slight swelling probably related to the observed thickness 

variation (Figure 5- 8). 

 

Figure 5- 9 3D reconstruction of surface scans of the FR paint before (line a) and after (line b ) the 3 months 

treatment at ‘pH=3/free-Cl 3-6 ppm’ at different magnifications (5; 20; 100). 

 

Figure 5- 10 3D reconstruction of surface scans of the SP1 paint before (line a) and after (line b) the 3 months 

treatment at ‘pH=3/free-Cl 3-6 ppm’ at different magnifications (5; 20; 100) 
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Table 5- 1 Sa values by profilometry on SP and FR paints before/after the chemical treatments summarized in 

Figure 4- 1 . 

Sample  
5 

(3.512.64 mm2) 

20 

(877660 µm2) 

100 

(175132 µm2) 

FR 

Sa before 

treatment 
2.84 µm 0.30 µm 0,036 m 

Sa after  

treatment 
7.28 µm 0.56 µm 0,054 m 

SP 

Sa before 

treatment 
3.17 µm 0.66 µm 0.22 m 

Sa after  

treatment 
7.45 µm 0.87 µm 0.27 m 

 

 

 Contact angle 

 

Figure 5- 11 presents the following parameters: 

- CAref (°), representing mean±s.d. of the CA reference value obtained before the immersion for 

n=15 sample. This value is used as reference to compare the CA data after the chemical treatment, 

- CApost (°), representing mean±s.d.  of the CA values after the chemical treatments for n=15 sized 

samples. 

- %, representing the percentage difference between ref and post CA values. 

Neither FR nor SP paints suffered statistically significant CA modification when immersed in the reference 

chemical treatment.  

For FR paint immersed in pH<8 and free-Cl>0 ppm treatments, CA decreased with the increase of acidity 

and free-Cl up to a -9.6% variation in the harshest condition.  

For the SP paint, the CA decrease was induced by the free-Cl increase and acidity decrease, up to a – 

16.6% in the harshest condition, being the largest reduction of 25.7% obtained in the ‘pH=8/free-Cl 3-6’ 

chemical treatment.  

Hence, for both FR and SP paints the CA reduction was driven by increasing free-Cl, but with opposite 

effects in relation to pH. 
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Figure 5- 11 Contact angles (°) CAref  (reference is the value before 3-months immersion), CApost, and % 

values after the immersion in different pH/free-Cl chemical treatments. Bold values represent statistically significant 

difference (p-value<0.05). Red values represent not statistically significant difference (p-value0.05). 

 

 FTIR analysis 

FTIR spectra were achieved for the FR (Figure 5- 12) and SP (Figure 5- 13) paints exposed to the harshest 

treatment to evaluate possible chemical modifications in comparison to not exposed specimens.  

 

Figure 5- 12 FTIR spectra of the FR paint not exposed and exposed for 3 months to the harshest treatment, 

‘pH=3/free-Cl 3-6 ppm’. 
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Acidity 
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Figure 5- 13 FTIR spectra of the SP paint not exposed and exposed for 3 months to the harshest treatment, 

‘pH=3/free-Cl 3-6 ppm’. 

No chemical modifications of the foul-control top coats were evident. In turn, it has to be noted that the 

epoxy primer on the back of the specimens suffered bleaching (Figure 5- 14 side 2, side 1). 

 

Figure 5- 14 Side ‘1’: back side of a not exposed specimen painted with epoxy resin. Side ‘2’: back of a specimen 

painted with epoxy resin exposed for 3 months to the harshest treatment ‘pH=3/free-Cl 3-6 ppm’. Both the back 

sides 1 and 2 had the front painted with FR top-coat. Side ‘3’: front of a specimen painted with FR top-coat resin 

exposed for 3 months to the harshest treatment, where blistering of the FR top-coat up to detach was evident. 

Figure 5- 15 shows the spectra obtained on the surface of the epoxy primer applied on the back of the FR 

specimens not exposed (Figure 5- 14, side 1) and exposed (Figure 5- 14 side 2) to the harshest ‘pH=3/free-

Cl 3-6 ppm’ condition.  
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Figure 5- 15 A Blue and green lines indicate the FTIR spectra of epoxy primer applied on the back of the panel 

finished with the FR top-coat not exposed (see figure 5-14, side 1).  Red and orange lines indicate the FTIR spectra 

of epoxy primer applied on the back of the panel finished with the FR top-coat that was exposed to the harshest 

treatment, ‘pH=3/free-Cl 3-6 ppm’; B FTIR spectra obtained by the powder of the primer scratched from the surface 

(light blue) 

 

 

In the exposed side, 1507 cm-1 and 1180 cm-1 peaks are missing, or their relative intensity is reduced, 

meaning degradation. This is confirmed by the lack of these peaks in the spectrum obtained from the powder 

scratched from the outer layer, as witnessed by Figure 5- 15 light blue line. The large blistering of the FR 

top coat allowed observing the epoxy layer beneath (Figure 5- 14, side 3), which resulted as bleached as 

the epoxy layer in the back side (Figure 5- 14, side 1), indicating the permeation of oxidizing agents through 

the FR top coat.  

About SP paint, only the specimens exposed to the harshest treatment exhibited a large swelling (Figure 

5- 16) after exposition to the 100%HR-26°C treatment: the top-coat detached from the tie-coat, while the 

tie-coat seemed to still well adhere to the epoxy primer. No other paint coming from any other chemical 

treatment showed a similar detaching and swelling behaviour after the 100%RH-26°C treatment.  

The detaching events regarding the FR and SP paints after the chemical and physical treatments are 

depicted in Figure 5- 16. 
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Figure 5- 16 Scheme of detaching events on FR and SP paints after the 3-months exposition in the harshest 

treatment ‘pH=3/free-Cl 3-6 ppm’, and, successive 2 weeks physical treatment, 100%RH-26°C. The dotted line 

between the top-coat and epoxy layer interface of the SP paint means that detaching occurred during the chemical 

treatment and was revealed during the physical treatment. The fading colour of the epoxy layer represents bleaching.  

 

 

 Summary of the results 

Results of FR and SP immersion in the selected chemical treatments are summarized as follows. 

FR: in the harshest conditions the thickness decreased by 4.7%. Hydrophobicity decreased up to 9.6 % 

mainly due to interfacial chemistry at the weaker bond level. Blistering was observed at the epoxy primer/tie 

coat interface in the highest free-Cl concentration along the three values of pH, being the most acidic pH 

the most degrading.  

SP: in the harshest conditions the thickness was reduced by 2.2%. Hydrophobicity decreased by 16.60% 

with a contribution of the superficial rugosity. No blistering was apparently observed after the 3 months 

chemical treatment. In turn, the top coat exposed to the harshest conditions was detached at the tie coat-top 

coat interface after a successive 2 weeks exposition in a 100%RH-26°C atmosphere.  

IR data indicated that no chemical modifications were evident for both the FR and SP topcoats. 

 

  



PHYSICO-CHEMICAL CHARACTERIZATION AFTER TREATMENT  59 

5.3. DISCUSSION 

 Thickness reduction, blistering, detachment 

In the harshest conditions, (top right cell of the matrix in Figure 4- 1), FR paint suffered the worst thinning, 

blistering and hydrophobicity reduction. About thickness, acidity or free-Cl alone determined no more than 

1.5% reduction, while when cooperating they determined 4.7% reduction. It is supposed that the thickness 

reduction suffered by FR paints coincided likely with a volume diminution rather than a mass loss, as 

suggested by the chemical inertness of the polymer. The volume diminution, even if in different conditions, 

is a known phenomenon during drying or curing stages(Tirumkudulu e Punati 2022; Kooij e Sprakel 2015; 

Tanaka et al. 2022). In turn, the 2.2% thickness loss for the SP paint coincides rather with a mass loss due 

to the ablating nature of the SP paint itself. As by data in Figure 5- 8, Cl2 appears to be the only thinning 

cause operating more successfully as pH decreases. Specimens exposed in the reference ‘pH=8/free-Cl=0 

ppm’ condition did not exhibit statistically relevant thinning: probably, the polishing rate in the reference-

like condition results negligible over a 3-months period. The 2.2% loss of the 125 m top layer in the 

harshest condition implies an average polishing rate of about 1 m month-1, which is lower than 10-15 m 

month-1 values obtained using a laboratory rotor at room temperatures (Kiil et al. 2001). Hence, chemical 

oxidation by NaClO induced an increase of the polishing rate equivalent to an exiguous but not negligible 

fraction with respect to an increase related to merely mechanical effects.  

Thickness reduction due to chemical attack has been reported by other authors too (Al-Borno, Brown, e 

Rao 2008), evidencing that easier detachment occurred on paints exposed to the hypochlorite produced by 

the anode. Nevertheless, whether the thickness reduction observed here helped detachment phenomena, it 

cannot be argued: further investigation would be needed. 

About detachment, FR blistered in the 3-6 ppm free-Cl environment, with acidity acting as accelerating 

factor (Figure 5- 6, Figure 5- 7). Differently, SP paint exhibited swelling and detachment during the 2 weeks 

of physical treatment at 100%RH/26°C after the 3-month chemical treatment in the harshest condition. 

Hence, for both FR and SP paints, free-Cl appeared to be helped by acidity to determine blistering and 

detaching effects. FTIR shows that the polymer network of the FR and SP paints was not affected by the 

chemical attack (Figure 5- 12, Figure 5- 13), which, in turn, affected the epoxy primer beneath the FR paint 

(Figure 5- 14, side 2). Therefore, the hypothesis is that the NaClO related oxidants permeated through the 

polymer reacting with the matrix at a slower rate with respect to the reaction occurring at the interfaces, 

where detachments were observed (Figure 5- 14, side 3).  

For the discussion of this hypothesis, a comparison between data available in the literature related to the 

polishing of filtration membranes with NaClO and the free chlorine data obtained in this work is proposed.  

The NaClO concentration, C, provided for a certain amount of time t defines the chemical treatment, CT 

(ppmh) (Y. Zhang et al. 2017; Zhao et al. 2021): 

 

𝐶𝑇 =  ∫ 𝐶(𝑡)𝑑𝑡             (5.4) 
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Here, the chemical attack is provided by the actual measured free-Cl concentration, as referred in 

(Benedetti et al. 2022), while CT data in literature account for the treatment delivery. The comparison 

between these two parameters was made as follows. Firstly, the equivalent NaClO concentration, Ce, must 

be obtained from free-Cl data; secondly, Ce integration over a period T provides the equivalent chemical 

treatment, CTe, to be compared with literature CT data. 

At pH=3, Ce is: 

 

𝐶𝑒([𝑓𝑟𝑒𝑒 𝐶𝑙]) = {
%𝐶𝑙2

∙[𝑓𝑟𝑒𝑒 𝐶𝑙]

𝑀𝑊𝐶𝑙2

𝑛𝐶𝑙2
+

%𝐻𝐶𝑙𝑂∙[𝑓𝑟𝑒𝑒 𝐶𝑙]

𝑀𝑊𝐻𝐶𝑙𝑂
𝑛𝐻𝐶𝑙𝑂}

𝑝𝐻=3

× 𝑀𝑊𝑁𝑎𝐶𝑙𝑂         (5.5) 

 

Being 

- %𝐶𝑙2
: 30%, i.e. the Cl2 percentage at pH=3 (Mikdam et al. 2017), 

- %𝐻𝐶𝑙𝑂: 70%, i.e. the HClO percentage at pH=3 (Mikdam et al. 2017), 

- [𝑓𝑟𝑒𝑒 𝐶𝑙]: free-Cl concentration measured with DPD, 

- 𝑀𝑊𝐶𝑙2
: Cl2 molecular weight, 70.9 g mol-1, 

- 𝑀𝑊𝐻𝐶𝑙𝑂: HClO molecular weight, 52.460 g mol-1, 

- 𝑀𝑊𝑁𝑎𝐶𝑙𝑂: NaClO molecular weight, 74.44 g mol-1, 

- 𝑛𝐶𝑙2
: one mole of Cl partecipating to the DPD reaction, provided by one mole of Cl2, 

1 𝑚𝑜𝑙 𝐶𝑙

1 𝑚𝑜𝑙 𝐶𝑙2
, 

- 𝑛𝐻𝐶𝑙𝑂: one mole of Cl, partecipating to the DPD reaction, provided by one mole of HClO, 
1 𝑚𝑜𝑙 𝐶𝑙

1 𝑚𝑜𝑙 𝐻𝐶𝑙𝑂
, 

 

Analogously to Eq. 5.4, the equivalent chemical treatment, CTe, is obtained as follows: 

 

𝐶𝑇𝑒 =  ∫ 𝐶𝑒(𝑡)𝑑𝑡            (5.6) 

 

Considering pH=3 and the mean value for free-Cl concentration of 4.22 ppm (Figure 4- 7), by Eq. 5.5 it is 

Ce=4.9 ppm. With T=3 months corresponding to 2160 h, by Eq. 6 it is CTe=1.06104 ppmh, which can be 

finally compared with CT data in literature. 

Chemical modifications on polymers of filtering membranes have been found along the CT range 104-

107 ppmh (Regula et al. 2014; Tsehaye, Velizarov, e Van der Bruggen 2018; Arkhangelsky, Kuzmenko, 

e Gitis 2007; Y. Zhang et al. 2017; J. Wang et al. 2022). Here, detaching occurred without chemical 

modifications for both FR and SP paints in the harshest conditions, with CTe104 ppmh (see column 3-6 

ppm free-Cl), i.e. a value likely able to induce chemical modifications which were not actually observed. 

The work of Devilliers et al (Devilliers et al. 2011) and Mikdam et al. (Mikdam et al. 2017) is helpful 

about the mechanisms, knowing that the Cl2/HClO/ClO- ratios are tuned by pH, so that, Cl2 and HClO are 

prevalent for pH<5. 

Mikdam et al. (Mikdam et al. 2017) put in evidence how Cl2 ‘can directly dissociate into 𝐶𝑙∙ and 𝑂𝐻∙ 

radicals’ for pH<7, which are able to penetrate the polymer matrix: 
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𝐶𝑙2 → 2𝐶𝑙∙             (5.7) 

 

𝐶𝑙𝐻𝑂 → 𝐶𝑙∙ + 𝑂𝐻∙            (5.8) 

 

𝑂𝐻∙, is expected to be scavenged in the most superficial layers of the polymer due to its largest reactivity, 

while 𝐶𝑙∙ is expected to penetrate deeply at a slower rate. Mikdam ascertained the oxidative role of 

chlorinated radicals. Devilliers et al. (Devilliers et al. 2011) aged polyethylene in chlorine solutions with 

CT=4.7105; 106; 3.36106 ppmh, hypothesizing the role of less reactive species such as Cl2OOH to be 

responsible for the observed degradation, acknowledging the unclearness of the real mechanism. 

These data lead to think that the reaction rates of the Cl reacting species targeting the FR and SP paints 

were lower than the reaction rates targeting the adhesive interfaces. As a matter of fact, molecular bonding 

featuring adhesion and consisting in dipole-dipole, van der Waals forces, ionic, covalent, metallic bonding, 

involving polar groups too (Awaja et al. 2009), where radicals are involved too (Mutsuda e Komada 2005), 

are easily prone to be attached. 

Finally, although CT literature data would not exclude the possibility of a chemical attack by free-Cl at 

CTe104 ppmh, Mikdam’s and Devillers’ results and our FTIR data sustain the hypothesis of detachment 

phenomena induced by the permeation of Cl reactive species targeting the chemical bonds at the adhesive 

interfaces. Hence, the polymer network is generally stable itself against the here adopted chemical 

treatment, while the adhesive interfaces turn to weakness in the two different modalities exhibited by FR 

vs SP paints (Figure 5- 16). 

 Contact angle, profilometry 

Surface free energy of a solid surface S, 𝛾𝑆 (mJ m-2), is an important parameter governing the foul control 

properties, especially for FR paints, for which the weakening of bioadhesion by low surface energy is 

known since decades (M. E. Callow e Fletcher 1994; Rosenhahn et al. 2010). This property, along with the 

surface geometry (rugosity), affects the apparent water contact angle, 𝜗𝑎. 

Combining the Young’s equation for the relation between the static contact angle on smooth solid 

surface, 𝜗0, and 𝛾𝑆  

 

𝑐𝑜𝑠𝜗0 =
𝛾𝑆−𝛾𝐿

𝛾𝑆𝐿
            (5.9) 

 

with the Wenzel equation for the geometry surface in the regime of homogeneous wettability (Marmur 

2003) 

 

 𝑟 =
𝑐𝑜𝑠𝜗a

𝑐𝑜𝑠𝜗0
                      (5.10) 

 

the relation between 𝜗𝑎 and 𝛾𝑆 can be so derived, as suggested by Han’s et al (B. Han et al. 2019): 
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𝑐𝑜𝑠𝜗𝑎 = 𝑟 ×
𝛾𝑆−𝛾𝐿

𝛾𝑆𝐿
           (5.11) 

 

Eq. 11 shows that wettability (as 𝑐𝑜𝑠𝜗𝑎) is directly related to 𝛾𝑆 (being 𝛾𝑆𝐿 and 𝛾𝐿 the solid/liquid interfacial 

tension and water surface tension, respectively), and weighed by the geometric surface of the solid S, 

expressed in terms of r. Here, 𝜗𝑎 decrease (Figure 5- 9) shows that the chemical treatment affected 

interfacial properties of both the FR and SP paints, increasing the hydrophilicity (wettability).  

As mentioned in 4.3.3, profilometry results show that the SP paints after treatment exhibited formation 

of holes resulting in an increase of surface roughness. Hence, for SP paint it can be argued that the 

wettability enhancement depended on a more complex surface geometry too, described by the factor r in 

Eq. 10. In literature it is reported that the surface geometry modification after chemical treatment on 

polymers of different nature shifts CA towards hydrophilic angles (Gan et al. 2021; Susanto e Ulbricht 

2009).  

In turn, similar evaluations seem to not regard FR paint, for which the profilometry results showed 

basically a stability of the geometric features at the higher magnification. Hence, especially for the FR 

paint, the slight wettability increase seems to depend basically on variation of the interfacial chemistry. IR 

spectra in Figure 5- 12 and Figure 5- 13 showed that no chemical modification occurred at the level of the 

covalent bonds, but other changes might have occurred on weaker bonds. This evidence agrees with the 𝛾𝑆 

composition by apolar 𝛾𝐿𝑊and polar 𝛾𝐴𝐵components, 𝛾𝑆 =  𝛾𝐿𝑊 + 𝛾𝐴𝐵 (Islam, Tong, e Falzon 2014) 

being Lewis acid-base pairs (AB) and Van der Wals (LW) bonds of lower energy with respect to covalent 

(Yolsal et al. 2020). 

The wettability increase with the intervention of the factor r for the SP paint seems to be in line with its 

ablative nature. The chemical attack stimulates polishing phenomena increasing the roughness as witnessed 

by holes visible at the largest magnification (Figure 5- 10 b3), therefore contributing to the increase of the 

wettability. Conversely, the wettability enhancement for FR is a detrimental effect, since the foul control 

performance depends specifically on the low surface energy, which is related to relatively more 

hydrophobic 𝜗𝑎.  

Hence, for both FR and SP paints, the chemical acidic/chlorinated attack related to anodic-like 

electrochemistry results in enhancement of the wettability despite the basic stability of the polymeric 

chemistry network. 
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6. FOUL CONTROL PROPERTIES TESTS 

6.1. STATE OF THE ART 

Tests to evaluate the foul control property of a paint or a material can be divided in two classes: laboratory 

and field test. 

Laboratory test involving organisms are referred as bioassays. Many type of bioassays exist and can be 

classified in different ways: for example, by organism or by the type of foul control property to be tested 

(Briand 2009). Among various organisms, ranging from bacteria to algae, from mollusks to crustaceans, 

one of the most used tests is the barnacle, in particular the Amphibalanus amphitrithe. This is a key 

organism of the biofouling, part of the hard fouling (organism with a calcareous parts), this crustacean 

attaches strongly to surfaces.  This organism commonly induces issues on ships’ hulls: during dry docking 

barnacles need to be detached manually using a spatula while all other biofouling organisms are removed 

with just a pressurized water jet. As reported by Rittschof (Dan Rittschof, Branscomb, e Costlow 1984; D 

Rittschof et al. 1992), the amphibalanus amphitrithe is an excellent model organism for studies of 

antifouling compounds because of its rapid larval development, the ease of raising synchronous mass 

cultures, and the predictable settlement in static condition. This organism has two different larval stages: 

naupliar stage and cypris stage (Figure 6- 1). Naupliar stage is commonly used in ecotoxicology and is used 

in toxicity bioassays. Cypris is the stage that anticipate the metamorphosis into adult, its purpose is to find 

a place to settle; this larval stage is commonly used in settlement assays. This type of testing can only be 

performed on biocide-free paints, otherwise the result would be the mortality of the individuals returning 

no information about the settlement. 

 

Figure 6- 1 Amphiblanus Amphitrite life cycle (Maréchal et al. 2012) 
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Settlement assays that use Amphibalanus amphitrite (Figure 6- 2) can be: “multiple choice” (Harder, 

Thiyagarajan, e Qian 2001) or “no choice” (Wendt 2017). The difference is if the individual can choose 

between different surfaces to settle or they are forced to settle or not over a specific substrata. 

In this thesis some settlement assays have been performed to obtain data about foul control properties of 

the conditioned paints. Two type of settlement assay found in literature has been performed. Nevertheless, 

because they did not show any valuable data, a different assay method has been developed here. The 

methods evolution is presented in paragraphs 6.2.2, 6.2.3 and 6.2.4. 

Laboratory testing is mainly used as a screening test. For example, is used to evaluate if a material or a 

product is promising over foul control properties.  

The actual testing is performed with field tests, which is performed by immersing the samples in shallow 

waters with a high biotic pressure: harbor, ports or estuarine. This type of testing is of both scientific and 

industrial interest. As many other testing procedures, ASTM (American society for testing and materials) 

has standardized a procedure (ASTM 1998). The experiments in field testing were based on this standard 

with some modification over data analysis (6.2.5). 

           

Figure 6- 2 Adult Amphibalanus Amphitrite (Illustration  Andrea Baiardo) 
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6.2. METHODS 

 Amphibalanus Amphitrite culture 

Organism are harvested by detaching them with a spatula from recreational boats when they are hauled for 

dry docking. The damaged or the non-Amphibalanus amphitrite are discarded. Individuals are maintained 

inside 1L beaker laid on a plastic petri dish. 

Their maintenance is processed 3 days a week and contextually naupliar larvae are collected. In the morning 

they are extracted from water for 1.5 hours meanwhile the beakers are rinsed with fresh water to remove 

the biofilm formation. After an hour they are immersed in water at a temperature of 32°C stimulating the 

organism to spawn the naupliar larvae (Figure 6- 3). Nauplii are collected by illuminating the solution with 

light concentered in a spot; nauplii swim toward the light and are collected with a pipette and stored in 

another beaker. Nauplii will be later filtered and then 0,22 µm-filtered natural seawater is added to reach a 

concentration of 20 individuals per ml; organisms are fed with algae (Tetraselmis seucica) until they are 

expected to reach the cypris stadium in 7 days. 

When a consistent amount of cypris is obtained, the solution is filtered with a multistage filter, because 

cypris in smaller than the nauplius. 

After the collection of the nauplii, the Amphibalanus are fed with nauplii of Artemia salina and algae 

(Tetraselmis seucica).  After the collection of the cypris, they are stored at 4°C between 2 and 7 days. The 

low temperature prevents them to attach and the more they are aged the more they will be prone to attach 

(Maréchal et al. 2012). The breeding procedure to maintain in laboratory the Amphibalanus amphitrite is 

well described in (Marco Faimali, Francesca Garaventa, Veronica Piazza, s.d.)  

 

Figure 6- 3 a) Naupliar and b) Cypris stage of the Amphiblanus amphitrite (illustration Andrea Baiardo) 

 Droplet test (no choice essay) 

In laboratory testing it is necessary to expose the cypris larva to the surface to be tested. Early testing was 

performed filling a beaker with natural filtered seawater with a proper amount of cypris larvae related to 

volume. In this beaker the sample with the surface to be tested has to be immersed. This test is easy to be 

performed, but usually data outcome is insufficient. Surface to be tested are usually designed to be not so 

a) b) 
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interesting for the biofilm and larvae, so cypris prefers to attach to the glass of the beaker instead of the 

sample, returning no data. 

Some authors (Wendt 2017) suggests a type of testing that prevents this issue by applying on the surface a 

droplet of natural filtered seawater with around 20 individuals of cypris larva. The test does not permit a 

choice to the cypris, since they are forced to settle on one surface only (the one under to be investigated) or 

not to settle. The samples are maintained at 26°C. We will refer to this test as the droplet test. 

This type of test is effective in data outcome but can encounter two major issues: hydrophobicity and 

evaporation. The hydrophobicity of the surface can preclude the test to be successful, surface with high 

contact angle offers a very tiny portion of its surface to the test, in addition, as the drop is not well linked 

to the surface, if sample moves it can fall from the surface; even tiny vibrations of the thermostatic chamber 

can make the drop to all. Secondary, the evaporation issue can be overcome by putting the sample inside a 

petri dish with aside paper towels soaked with water covered with the lid, in order to maintain the humid 

condition inside the petri dish. 

This type of testing was performed with SP and FR paints, but no data was obtained as the drop over the 

FR paint fallen due to its hydrophobicity. 

 

Figure 6- 4 Droplet “no choice” assay with sample inside a petri dish trying to limit evaporation 

 

  



FOUL CONTROL PROPERTIES TESTS   67 

 

 Flow current test 

Pansch et al. 2017 proposed a technique to test paint sample inside a flux of water. The technique uses a 

holder with a particular geometry visible in Figure 6- 5. Sample plates are laid over the two slopes. To 

maintain the cypris larvae over the sample an 80 μm mesh is used on both the sides. 

A setup similar to the one described by Pansch was reproduced in lab and tested only with control panels, 

but most of the cypris made their way to the bottom of the holder and settled on the holder, not on the 

samples. Another aspect that made this method is not easy to work with, because for each sample couple a 

high number of cyrpis (300) is necessary. 

 

 

Figure 6- 5 a) Flow test support from Pansch et al 2017, b) Reproduced flow test support 

  

b) 

a) 
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 Spot net cage test 

After no data achievement from the two previous attempts, a new type of test was developed here.  

The Test by Pansch et Al. highlighted that the larvae do not settle on the net, allowing us to imagine a 

new geometry for a “no choice test”. It is not an actual “no choice”, but the possibility that the larvae settle 

on the net is very unlikely, allowing a good data output.  

The solution adopted here consists in rolling the net to form a cylinder with a diameter of around 15mm. 

The cylinder is glued where the net is overlapped. Then the cylinder is cut to have a height of 30-40 mm. 

The cylinder was initially glued to the surface of the control and the sample (Figure 6- 6a), but the glue did 

not always attach to the paint, so, the net was attached to the surface of the sample. At the bottom of the 

cylinder were made a series of axial cuts 5 mm long to allow all the stripes of net to be bent when spread 

radially. Then the cylinder was inserted inside a collar and was held attached to the surface making a cypris 

proof joint (Figure 6- 6b). Once the net was attached to the surface of the sample, the sample was immersed 

in seawater in a container with the water level not higher than the net. The net is then filled with 30 

individuals of cypis larvae obtained following the procedure described in 6.2.1.  

After at least 4 days the controls are observed and if the percentage of settled larvae is higher than 50% 

all the samples are observed counting the alive, the dead, the settled, the settled but detached and the settled 

on the net.  

     

Figure 6- 6 a) glued spot cages cylinders on PVC, used as control, b) spot cage over sample holded by a clamp 

 

To simplify the experiment, the test was not performed in all matrix condition, but the corner and the central 

were chosen (Figure 6- 7). The harshest condition (pH=3 / free-Cl 3-6 ppm) resulted in the detachment of 

the coating. A blank not exposed to none of the nine conditions of the matrix was tested. 

 

a) b) 
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Figure 6- 7 The green circles indicate the tested conditions in laboratory bioassay 

 

 Field immersion testing 

This type of testing is based on the ASTM standard  D 3623 – 78a (ASTM 1998). The field immersion test 

consists in an exposition of the coating to the marine shallow waters, checking periodically with pictures 

the coverage over time. Later, an image analysis has been made to obtain an estimation of the coverage.  

Exposition was performed inside the port of Genoa at the CNR-IAS marine facility where the biofouling 

pressure is high (Figure 6- 8). This experiment lasted 3 months. Every month pictures of each specimen 

were taken. The selected season was summer when biofouling has its bloom. 

The three single faced replicas of each paint and conditions were arranged in structural frames. Two of 

them were coupled to expose the coating at the exterior, the other one was exposed facing the coating to 

the darker side, i.e., facing the floating dock where the frame was exposed. 

Paints exposed to the harshest condition (pH=3 / free-Cl 3-6 ppm) were not included in this test as they 

were detached from the substrate. 

    

Figure 6- 8 Experimental set up at the CNR-IAS marine facility 

External 
blank 
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Periodically pictures were achieved and analyzed with a stereological technique thanks to a software called 

photoquad (Trygonis e Sini 2012). The software places hundred points randomly over the fouled surface 

(Figure 6- 9). Every point is flagged with different categories: 

 hard fouling (Amphibalanus, serpulidea or briozoa), representing the calcareous species that 

normally perform the stronger attachment, 

 Slime; representing an early stage of fouling that is easily cleanable, 

 Not covered; selected when the point is not fouled, 

 Detached paint; when the paint for some reason is detached from the surface. 

 

 

Figure 6- 9 A screenshot of the Photoquad software image during the analysis 
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6.3. RESULTS 

 Laboratory test results 

Settlement results reported here are those coming by the last method presented in 6.2.4 developed during 

this work. 

Indeed, the issues met in the “droplet assay” (3.2.2) method suggested that a new method should be 

developed. 

The “flow current essay” showed major issues with a too large cypris number. Moreover, it seemed that 

the 80 µm net is not preferred as an attachment site to the cypris. 

Finally, these evidences have driven to the solution proposed here: “net cage test”. This procedure 

supplied the only data obtained during the laboratory testing. 

Two series of test has been performed. The outcome of the first test should not be considered worth of 

acceptance, as the percentage of settlement in the control is lower than 50% in all the four controls. The 

second test is valid as it has a percentage of settlement higher than 50%. The values of the test are visible 

in Appendix 10.2. 

Results in graph Figure 6- 10 are reported with four indexes:  

- the percentage of settled: is the main index to which results are referred, the lower the index value 

the more the paint is efficient, 

- the percentage of metamorphosed and detached organism, this index report if organisms have chose 

to settle on the surface, but they were not able to attach strongly to it and got detached. 

- the percentage of settled over the net: how many individuals have settled on the net preferring the 

net to the surface under test. 

- the percentage of cypris found dead 
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Figure 6- 10 Settlement assay results a) FR Paint b) SP paint  

Data show difference between FR and SP paints. FR paint seems not to suffer any degradation of its foul-

control properties, while SP paint seems less efficient when exposed, specially to only low pH condition. 

 Field test results 

The results in Figure 6- 11 show the percentage coverage of the exposed area.  

These data are displayed following the conditioning matrix: for each month of exposition, there are two 

pictures for each paint type, the light exposed and the dark exposed (see appendix 10.3 for picture). Only 

a) 

b) 
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the results of the third month are reported, the other are available in Appendix 10.4. On the right is reported 

the covering percentage of the external control a plastic non-treated surface. Control is necessary to 

compare the results. 

The first index to be examined is the detached paint index. This index is not present in any SP paint 

except to ‘pH=5/free-Cl 3-6 ppm’, and in the light-exposed ‘pH=3/free-Cl 0.3-0.6 ppm’. In FR paint this 

index reaches 100% when previously exposed to ‘pH=5/free Cl 3-6 ppm’, while values are quite high in all 

0.3-0.6 ppm free-Cl conditions, with an exception with pH=8 that does not present any detachment. In both 

cases there is no evidence of a detachment in condition with no free-Cl. It is notable that, at the same free-

Cl value, the degree of detachment is higher with increasing acidity. 

Values of the not covered index in SP paint does not have a high variability inside the matrix, except 

when is coupled with a high detached paint index. In not modified condition, however this index is higher. 

In FR paint is noticeable that this index decreases with increasing harsh conditions. Obviously it is linked 

to the increasing paint detached index, but this parameter is used to evaluate foul control properties, SP 

paint though seems more effective. 

The hard fouling index is related to the colonization by calcareous organisms, these organisms are the 

most harmful for the hull and its properties. When we compare the two paints values, on average these are 

higher in SP paint than on the FR paint, even if the not covered index would suggest the opposite. 

The Slime index reports how easily the surface gets covered at the first stages of biofouling growth. This 

type of coverage has to be treated not as a permanent colonization, in fact it gets easily detached by water 

currents. In SP paint this index is higher in dark exposed sample than the light exposed. On the FR paint 

this difference is not so marked. 
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a) 

b) 
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Figure 6- 11  Percentage of area coverage status at the third month after the field exposition test 

FR paint exposed to light in shallow water b)  FR paint exposed to dark in shallow water 

c)  SP paint exposed to light in shallow water d)  SP paint exposed to dark  in shallow water 

 

 

 

 

c) 

d) 
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Figures Figure 6- 12, Figure 6- 13, Figure 6- 14 and Figure 6- 15 show the trends of indexes in three months 

for each paint. 

The not covered index for every sample decreases through time. Controls from the first month appear 

well covered. The FR does not show substantial difference between light and dark, and results are quite 

scattered. The worst value is reported by the FR pH5/freeCl 3-6ppm, followed by FR pH5/freeCl 0.3-

0.6ppm and FR pH8/freeCl 3-6ppm, all characterized by great detachments. SP paint data are more aligned 

and at the third months this index is lower in dark exposed samples. The sample with lower scores is the 

SP pH5/freeCl 3-6ppm. 

 

 

Figure 6- 12 Not covered index evolution for both paint in light and dark exposed conditions. 
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The hard fouling index in all samples does not ever reach values higher than 20%. The control increase 

trough time reaching values around 90%. Data in both paints are less scattered than the not covered index. 

The FR in light condition is well aligned and lower in values than the SP paint exposed to light. The FR 

exposed to dark seems to have a decreasing trend, maybe related to its release property. 

 

 

Figure 6- 13 Hard fouling index evolution for both paint in light and dark exposed conditions. 
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The detached paint index is maybe more related to the physical chemical characterization, but was well 

observed in this field testing, highlighting how this issue is latent even at milder conditions.  

Data show that only few specimens present this index different from zero. Sample with this index different 

from zero have always a growing trend with the exception of the FR pH5/freeCl 3-6ppm sample that is 

totally detached from the first month and so its value remain stable. There are more FR specimens that are 

detached than SP. The SP specimen that reaches the higher detachment (SP pH5/freeCl 3-6ppm) is around 

the 30%. Trend of the control is not analyzed as its surface is not painted.  

 

 

Figure 6- 14 Detached paint index evolution for both paint in light and dark exposed conditions. 
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The slime index is the only one to have a decreasing trend in the control, this is due to the fact that slime is 

the first stage of biofouling, and is replaced by hard fouling. Here data are well scattered especially for the 

FR paint, where the trend shows an increase direction. There is not much difference between light and dark 

in FR paint. While SP paint seems less covered by slime in light condition. SP paint shows on average 

lower values, compared to the FR paint.  

 

 

Figure 6- 15 Slime index evolution for both paint in light and dark exposed conditions. 
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6.4. DISCUSSION 

Settlement assay data when confronted to similar test in literature like Sathya et al. 2016 barnacle, we find 

much difference. In this paper is reported as a good result the death of barnacle cypris, while death 

percentage reports the efficiency of antifouling property (biocides) does not report if a surface is efficient 

in foul control without killing the individuals. None of the paint in each condition tested showed a high 

death percentage, maintaining however a low settlement percentage, especially for FR paint. This aspect 

highlight the biocide-free nature of both paint. Moreover seems that the conditioning treatment does not 

trigger any toxicity of both paint. 

Comparing the settlement and field tests results, the emerging outcomes are that in the settlement test FR 

paint seems to maintain better the foul control properties, on the opposite, field testing suggests that SP 

paint show a better performance. This difference does not drive to a contradiction: it must be remembered 

that the settlement testing performed in laboratory does not highlight the detachment, that in the field testing 

drags down the FR performances. Moreover, the settlement test shows data of only one type of organism 

(Amphibalanus amphitrite), while the field test is expsoed to the complexity of many species. Field testing, 

in mild condition, shows a trend in SP being less covered, but at the third month, shows about index of hard 

fouling coverage a higher value when compared to FR. This is better agrees with data obtained by 

Amphibalanus settlement assay. This difference could depend on the different working mechanisms.  

The SP paint prevents attachment of organism by offering a surface with an alternation of hydrophobic 

and hydrophilic micro-domain. This feature prevents attachment of animal proteins and is very effective in 

early stages (Yi et al. 2019). In the following stages with no surface renovation this coating can suffer 

modification limiting its surface properties. On the contrary, the working mechanism of FR paint lays on 

an interval of value of surface tension (Baier 2006), as shown in paragraph 3.3. In field testing, even in 

absence of strong current, the adhesion of the hard fouling on FR coating exhibits a weaker bond causing 

the detachment of the hard fouling, therefore lowering this index.  

In both foul control paints, the water flow is necessary and their testing should include a in-flow condition 

(Dennington et al. 2021), or a waterjet (Swain e Schultz 1996; Oliveira e Granhag 2020). The 

implementation of these procedures would supply a better assessment of their foul control properties. 

However, the FR paint shows problems with detachment. This occurrence is not evaluated as a foul 

control property, but creates a big issue, because once detached the primer is easily covered by organisms.  

Overall, both paints seem not to suffer a specific drop of their foul control properties. Worth to be noted 

is that the control has always the highest hard fouling index, both paint values are way lower. This fact 

highlights that foul control properties are never totally compromised. This however should be checked after 

larger time of field exposition, as a matter fact, in literature data are achieved within at least a year of 

immersion (Martinelli et al. 2012). 

Detachment and the colonization of organism over inner coating seems to be the main issue. 

However, it has to be reported that in real conditions where paint is detached near the anode, no fouling is 

observed due to the presence of free-chlorine preventing biofouling formation. 
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7. OVERLOOKING DISCUSSION 

Once discussed how the ‘pH/free-Cl’ conditions expected to develop near ICCP anodes can affect the 

biocide free FR and SP paints and their foul control properties, it is useful to discuss the implications of 

these results in real field conditions near ICCP anodes, where seawater turns to be acidic and chlorinated. 

It is important to remember that ship dry docking is scheduled in a frame time of 2.5-5 years: the longer 

the time span, the less expensive is the ship management. This crucial aspect drives further considerations.  

It is recalled that the laboratory experiments were performed in static conditions, held for 3-months. 

Therein, SP paint showed adhesion loss (reveled with the successive 100% RH/26°C treatment) in the 

harshest pH=3/free Cl 3-6 ppm condition, while FR paint blistered up to detachment only in free-Cl 3-6 

ppm as rapidly as pH turned acidic. Considering a waiting time for an inspection set on years, our 

experimentation provides some insights regarding real applications. Here, phenomena cannot be figured 

out to occur at the same time scale of the laboratory tests, i.e., within roughly a tenth fraction of the waiting 

time for hull inspection/maintenance. As a matter of fact, the pH/free-Cl conditions onsetting the 

detachment phenomena are expected to occur in real application i) in the immediate proximity of the 

anodes, i.e., only where harshest pH/free Cl conditions are expected to be met ii) occasionally, i.e., in 

relation to the ICCP system requirements producing discontinuous pH/free Cl values. In addition, the 

hydrodynamic regime is determinant: mooring vs sailing stages would favor or inhibit the accumulation of 

H+ and chlorinated byproducts near the anode. 

Secondary effects with respect to blistering and detachment such as thinning and CA variations are 

observed in laboratory conditions under pH/free-Cl values intermediate with respect to harshest and 

reference conditions (see figure 5-11). In particular, it is found here that both FR and SP paints thinned and 

became more hydrophilic, but the CA increased more for SP, while thinning evolution was more intense 

for FR (see Figure 5-8). As mentioned, this would potentially represent an issue for FR paints.  

It is worth to be noted that the exposition of FR and SP paints to different ‘pH/free-Cl’ chemical 

treatments showed that intermediate conditions between reference and harshest can provide the 

aforementioned secondary effects even without necessarily driving to primary ones (blistering and/or 

detaching). Nevertheless, successive tests performed in the field, aiming to evaluate possible drop of the 

foul control properties in intermediate conditions, showed that these properties seem to be not heavily 

depressed. In turn, detachment phenomena took place on paints exposed to partially extreme conditions, 

pH=3 or free-Cl 3-6 ppm, where detachment was not observed during the previous exposition to chemical 

treatments. It could be interesting to investigate more about this phenomenon, keeping in mind that it is not 

thought to occur in a real scenario since pH/free Cl conditions are supposed to get uniformly milder as the 

distance from the anode increases. 

Merging laboratory and field results, it is showed that in real applications blistering to detachment of the 

biocide free FR and SP paints can be observed only in determined pH/free Cl conditions, which are expected 

to occur (if comparing at all) only near the anode and in relation to the surrounding hydrodynamic regime. 

Finally, the detachment regarding new generation foul control paints as FR and SP paints consequent to a 

chemical treatment resembling near ICCP anodes conditions, is expected i) to appear beyond the times 
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adopted for the laboratory testing, ii) to be localized in the immediate proximity of the anode. The numbers 

give a fair idea of what it means that anode induced detachment remains a localized problem. Detachment 

affected area is <1 m2 for each anode; a 180 m long ship with has wetted surface of around 40 000 m2 and 

requires usually 4 anodes; This indicates that 0.01% of the total immersed surface is affected by this kind 

of degradation.  

Basing on these premises, our work enlarged the knowledge around the behavior of biocide free FR and 

SP paints putting in evidence which is the necessary ‘pH/free Cl’ condition onsetting primary and secondary 

effects, helping to figure out whether these could happen during the real ICCP service.  
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8. CONCLUSIONS 

A scaled ICCP system was set up to obtain pH and free-Cl values expected to develop near real ICCP 

anodes. In laboratory conditions a static current was imposed, while it has to be recalled that in real 

condition ICCP system delivers protection current to bring the hull’s potential at the required polarization 

level. The laboratory ICCP scaled system worked in galvanostatic regime at an anodic current density 

representing an intense polarization requirement. Hence, pH/free-Cl values developed by anodic processes 

were obtained and used to build a conditioning matrix.  

Biocide-free foul release, FR, and self-polishing, SP, paints were exposed for three months in nine 

different chemical treatments featured by different ‘pH/free-Cl’ values. Specimens were immersed in 

harshest ‘pH=3/free-Cl 3-6 ppm’ conditions mimicking seawater close to anodes in case of relatively high 

current is applied, in reference conditions ‘pH=8/free-Cl=0 ppm’, mimicking unconditioned seawater and 

in intermediate ‘pH/free-Cl’ conditions too. 

In the harshest ‘pH/free-Cl’conditions the paints reacted as follows: 

- FR blistered up to detachment in presence of free Cl 3-6 ppm, with acidity strongly increasing the 

kinetics of adhesion loss. Almost 5% thinning and hydrophilicity increase by near 10%, with 

general integrity of the surface geometry, were observed. 

- SP paints detached after a successive 2 weeks exposition to a 100%RH and 26°C atmosphere. 

Around 2% thinning was observed. Hydrophilicity increased up to 16% by the contribution of the 

surface rugosity increase. 

Both the polymers did not change chemically. Specimens exposed to this condition, due to their total 

detachment, were not later tested in field for foul control properties. 

It is interesting to note that thinning and hydrophilicity increase were observed for FR and SP paints in 

intermediate ‘pH/free Cl’ conditions mimicking the transition between the harshest and reference 

conditions; this fact leads to believe that modifications of the paint can be found even in absence of 

detaching phenomena. The field test showed that foul-control properties did not show any important 

modification for both paints, but detachment during foul-control field test was observed, highlighting a 

weakening of the adhesion. 

Actually, the loss of the coating does not represent a heavy issue near the anode, since the presence of 

free-Cl prevents biofouling formation. Detachment could be a problem if involves a wider area, but it is 

unlikely that high values of free-Chlorine and low pH can be found far away the adjacent area of the anode, 

even if the ship is docked for a long time in confined water. It has to be remembered that paint modifications 

are observed in limited area around the anode; this paint degradation is not structural and does not require 

ships to be early dry docked in relation to a direct economic damage. It is however interesting to deepen 

the knowledge where novel biocide-free paints encounter ICCP anodes, especially with respect to the basic 

lack of literature about the examined argument. 

All the presented results were observed within a continuous 3-months exposition typical of a laboratory 

simplification, not met in the field. Hence, looking towards real applications, it can be inferred that these 
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modifications are delayed with respect to the period defined in the laboratory section. Paint degradation is 

easy to come as earlier as the ratio between ‘mooring’ and ‘mooring + sailing’ periods enlarges, as water 

flow produced by ship movement  maintains a low concentration of anodic byproducts around the anode. 

Conceptually, both biocide-free paints perform their best foul control properties as larger is the 

𝑚𝑜𝑜𝑟𝑖𝑛𝑔

𝑚𝑜𝑜𝑟𝑖𝑛𝑔+𝑠𝑎𝑖𝑙𝑖𝑛𝑔
 ratio, or the more the ship sails, because the paints are more efficient in controlling the 

biofouling and they are less damaged near ICCP anodes. 

In perspective, basing on the aforementioned premises, it would be interesting to model the ‘pH/free Cl’ 

distribution around the anode in function of the protection current delivery and the surrounding 

hydrodynamic regimes, in order to better figure out the actual occurrence and placement of the ‘pH/free 

Cl’ conditions found to be necessary for the onset of primary (detachment) and secondary (thinning and 

hydrophilic shift) effects. 
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10. APPENDIX 

10.1. SAMPLES AFTER CONDITIONING (CHAPTER 5) 
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10.2. LABORATORY SETTLEMENT ASSAY DATA (CHAPTER 6) 

First Round 

 

 

 

Second Round 

 

 

  

Campione insediati staccati rete vivi morti totali commento % insediati%distaccati%rete

CTRa 2 1 2 19 24 8.333333 4.166667 0

CTRb 2 5 11 18 11.11111 0 0

CTRc 2 2 10 14 14.28571 0 0

FRa 2 1 15 18 11.11111 0 0

FR8-0a 1 14 15 6.666667 0 0

FR8-10a 21 21 0 0 0

FR5-05b 8 8 0 0 0

FR3-0b 1 20 21 4.761905 0 0

Spa 1 16 17 0 5.882353 0

SP8-0a 1 24 25 4 0 0

SP8-10a 1 1 10 12 8.333333 0 8.333333

SP5-05b 1 2 17 20 5 10 0

SP3-0c 2 19 21 9.52381 0 0

Campione insediati staccati rete vivi morti totali commento % Settled %Detached %Net

CTRa 15 0 0 6 0 21 71.42857143 0 0

CTRb 11 1 0 4 3 19 57.89473684 5.263157895 0

CTRc 13 0 0 4 2 19 68.42105263 0 0

CTRd 12 0 0 6 2 20 60 0 0

FRa 1 0 2 9 1 13 7.692307692 0 15.38462

Spa 2 0 1 10 2 15 13.33333333 0 6.666667

FR8-0a 0 0 0 14 1 15 0 0 0

SP8-0a 0 0 0 6 0 6  dispersi 0 0 0

FR8-10a 0 1 1 16 3 21 0 4.761904762 4.761905

SP8-10a 4 0 0 11 0 15 26.66666667 0 0

FR5-05b 0 1 0 10 1 12 0 8.333333333 0

SP5-05b 4 0 0 8 1 13 30.76923077 0 0

FR3-0b 0 0 0 13 3 16 0 0 0

SP3-0c 7 2 0 5 2 16 43.75 12.5 0
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10.3. PICTURES OF FIELD TESTING FOR EACH MONTH (CHAPTER6) 
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10.4. FIELD TEST RESULTS (CHAPTER 6)  
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