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Abstract
Ferric tannate were synthesized at pH 4 and pH 7 (FT4 and FT7, respectively) as a new class of environmentally friendly antifouling pigments. The solubility of both pigments was evaluated by gravimetric tests showing that FT4 is more soluble than FT7. A mixture of rosin/acrylic resin (9:1 w/w) was sufficient to form an antifouling coating due improved matrix properties. Electrochemical impedance spectroscopy (EIS) measurements were used to determine the apparent water coefficient of diffusion (D) and coating behaviour. The D in the coating formulated with FT4 exhibited better values than in that obtained with FT7. EIS results showed that both coatings present Fickian behaviour at initial stages of immersion, while flat Nyquist plots revealed penetration of water in the films. The physico-chemical characteristics of FT4 pigment were determined by thermogravimetry and Fourier transform infrared. Immersion tests in the Mediterranean Sea demonstrated the excellent efficacy of the FT4-containing coating against marine fouling after six months of immersion. 
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1. Introduction
	All immersed substrates are likely to be invaded by the deposition of organisms on their surfaces. This phenomenon is responsible for many problems in ship hulls, pipes and propellers.1 The increase in fuel consumption due to biofouling exceeds the costs associated with hull cleaning and painting.2 Antifouling paints are reported to be the most economical procedure to combat marine fouling,3 even though they may contain components that harm the marine environment.4 In order to minimize these harmful effects, new alternatives to such compounds are being researched.5 
	The high cost of modern coatings formulated with silane and silicone matrices has encouraged researchers to find less expensive alternatives, especially using low-cost, environmentally friendly and widely available materials.6 Iyapparaj et al.7 reported the antifouling actions of seagrass extract (from marine flora). Gao et al.8 extracted myristic and palmitic acids from Aureobasidium pullulans HN fungus with antifouling activity. 
	In the 1960s, Sieburth and Conover9 reported the marine-fouling–retardant effect of tannin (extract from brown algae). Tannins are polyphenolic compounds extracted from vegetal or marine species with numerous applications in medicine and industrial fields.10-12 Its chemical structure (vicinal –OH groups in aromatic rings) make tannins an excellent complexant agent with metals.13 Recently, tannins have been used as antifouling through its complexation with aluminium, copper and zinc metals (metallic tannates).3,14-19 However, those metals have deleterious effects on the marine environment20 and, unfortunately, antifouling applications based on tannates with less toxic metals have not been reported yet. Ejima et al.21 described the formation of ferric tannate films for medical applications with negligible cytotoxicity. Their work21 confirms the dependence of pH on the formation of coordination complexes (ferric tannate) as previously mentioned by other authors.22
In this work we investigate the solubility and efficiency of ferric tannate (FT) in a rosin/acrylic matrix against marine fouling. Initially, two different FT pigments have been synthesized at different pHs to form FT4 (pH= 4) and FT7 (pH= 7) pigments. After that, two different coatings (CFT4 and CFT7) have been formulated with such pigments and electrochemical tests have been performed to evaluate their consistency with the behaviour of an antifouling coating. Finally, the physico-chemical characterization of the best pigment and immersion testes of the best coating have been performed in real environments at the Mediterranean Sea during six months.    

2. Experimental 
All solutions described in this work were prepared with analytical grade reagents. Tanac (Brazil) supplied tannin extract from Acacia mearnsii bark. Antifouling coatings were prepared using methyl ethyl ketone as solvent, oleic acid (Sigma-Aldrich, USA) as plasticizer, and both WW rosin (RB Sul, Brazil) and acrylic resin (Águia Química, Brazil) as the matrix. The epoxy Intergard 269 (Akzo Nobel, USA) was used as an anticorrosive primer and blank. 

2.1. Ferric tannate pigment preparation
	Firstly, 20 g of black wattle tannin was dissolved in 1000 mL of deionized water. After this, 80 mL of 1 M FeCl3 solution was prepared and dropped into dissolved tannin. The pH of the mixture was adjusted to 7 with 0.1 M NaOH solution and stirred for 1 hour. Afterward, the solid was filtered in a Büchner funnel and dried at 110°C for 12 hours. The solid formed using this procedure was called ferric tannate pigment, hereafter abbreviated FT7. To form the ferric tannate at pH 4 (abbreviated FT4), the above procedure was repeated changing only the adjustment of the pH to 4 with 0.1 M HCl.  

2.2. Antifouling coating preparation
Two antifouling coatings, denoted CFT7 and CFT4, were prepared with a coating disperser Dispermat model N1 (WMA–Getzmann GMBH, Germany) and a bead mill Dispermat model SL (WMA-Getzmann GMBH, Germany). Rosin, plasticizer and acrylic resin were dissolved in MEK and homogenized in the disperser. Then, pigments were added and the coating was dispersed at 4000 rpm for 30 minutes. After dispersion, the pigments were milled using a bead mill coating equipment. The coatings formulation is given in Table 1 and the pigment volume concentration (PVC) is in accordance with the literature for this type of antifouling coating (soluble matrix).23

	Table 1. Coatings formulation.
	Coating
	Components
	Mass (g)
	PVC (%)

	CFT7
	Rosin
	54
	31

	
	Acrylic resin
	6
	

	
	FT7
	24
	

	
	Oleic acid
	1
	

	
	Talc
	4
	

	
	MEK
	60
	

	CFT4
	Rosin
	54
	31

	
	Acrylic resin
	6
	

	
	FT4
	24
	

	
	Oleic acid
	1
	

	
	Talc
	4
	

	
	MEK
	60
	



Steel panels (AISI 1010) of 25 cm × 20 cm × 1 mm were polished, degreased and painted with anticorrosive primer. The degrease process (after polishing) was performed using a two step-process: (i) samples were washed with neutral detergent and immediately dried in hot air;  and (ii) samples were degreased with a brush embedded in MEK and dried with absorbent paper. 
The antifouling coatings and the anticorrosive primer were applied by brush in multiple coats (maximum of three), the resulting average dry thickness (measured by Byko-7500 test unit, BYK Gardner, Germany) being 51 ± 6 µm (blank), 225 ± 12 µm (CFT4) and 247 ± 14 µm (CFT7).
All samples were immersed (approximately 50 cm deep) in the Mediterranean Sea at Badalona Nautic Port (41°26'08.4"N, 2°14'33.0"E) in Spain for 6 months (during the period from April to October). 

2.3. Solubility testes
The solubility of FT7 and FT4 pigments was compared through the addition of 2 g of each pigment in 500 mL of 3.5 % (w/w) NaCl solution (pH 8.2) and stirring continuously during 7 days at room temperature. After this, the pigments were filtered and dried at 110 °C during 12 hours before weighing. The procedures used to determine rosin and rosin/acrylic solubility in artificial seawater were described previously.24

2.4. Characterization
The apparent water coefficient of diffusion (D) and electrochemical behaviour were determined by electrochemical impedance spectroscopy (EIS) using an AUTOLAB PGSTAT 302N potentiostat coupled to a frequency response analyser.25 All measurements were performed in potentiostatic mode at the open circuit potential with an amplitude signal of 10 mV, with frequencies ranging from 100 kHz to 100 mHz. The electrolyte used in the EIS measurements was a solution of 3.5 % NaCl (w/v) with the pH adjusted to 8.2 using a solution of 0.1 M NaOH. The area of the working electrodes (samples) was delimited by the electrochemical cell (2 cm2). A saturated calomel electrode (SCE) was used as reference and a platinum wire (spiral format) used as an auxiliary electrode. 
Optical microscopy images were obtained using a Dino-lite model AD7013MT USB digital microscope after drying the immersed (after six months) paints (this process generated some cracks). The Fourier transform infrared (FTIR) spectrum was recorded using a Perkin Elmer Spectrum 1000 spectrometer. Thermogravimetric analyses (TGA, TA Instruments TGA 2050) were performed in a nitrogen atmosphere at a scan rate of 20 °C/min. 

3. Results and Discussion
3.1. Solubility 
	As reported by Yebra et al.26 and Rascio et al.,27 rosin is a class of natural resin with good dissolution properties in natural seawater. However, rosin produces very brittle films, requiring the utilization of some plasticizers.28,29 In the present study a mixture of a commercial and insoluble acrylic resin was employed to improve the mechanical and adhesion properties of the paint without impair the dissolution rate of rosin. Figure 1 shows the results of dissolution rate of pure rosin, the mixture of rosin/acrylic resin and pure acrylic resin. As can be seen, the dissolution rate of rosin alone is comparable to that reported in the literature.24,26,27 The higher dissolution rates observed on the first day of testing have been attributed to the presence of solvent inside the films or impurities on the film surface.26 Acrylic resin is insoluble, while the mixture rosin/acrylic (9:1 w/w) exhibits dissolution rates are even better than those of pure rosin. 
The inset in Figure 1 displays the solubility of tannin, FT4 and FT7 after 7 days of immersion in 3.5% NaCl solution (pH 8.2). Tannin is completely soluble (2 g dissolved in 500 mL of solution), while the FT4 pigment dissolved 30% of the total mass and FT7 dissolved less than 8%. 
[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 1.tif]
Figure 1. Dissolution rate of rosin (crosshatched grey bar), mixture of rosin/acrylic resin in 9:1 (w/w) (orange bar) and acrylic resin (black bar). The inset represents the solubility of tannin, FT4 and FT7 pigments after 7 days in NaCl 3.5 % (pH 8.2). 

According to the images displayed in Figure 2, the remaining solution (before filtering and drying the pigments) shows a peculiar behaviour that originates from the synthesis. Thus, the influence of the pH in the synthesis can be observed in the pigment solubility, where only the FT7 pigment decanted in the bottom when the synthesis ends. This behaviour is in agreement with the results observed in the solubility tests. 
Gust and Suwalski22 indicated that the pH affects the tannate structure, which explains the differences in solubility observed for the two pigments prepared in this work. Ejima et al 21 also observed the same effect, evidencing that the structure of the formed coordination complex depends of the pH of the medium (i.e. bis-complex at pH 4 and tris-complex at pH 7). 

[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 2.tif]
Figure 2. Photographic images of the (a) FT7 and (b) FT4 pigments.

3.2. EIS measurements
Recently, EIS has been used to evaluate the behaviour of antifouling coatings in water.25,28,29 This technique can be applied to monitor the variation in the capacitance of such polymeric films over time. More specifically, the penetration of water inside the paint increases the dielectric constant of the coating. 29,30 This phenomenon is clearly observed at high frequencies (i.e. around 20 KHz).28,29,30 In order to follow the variation of the antifouling coting capacitance with the immersion time, some  requirement must be satisfied a: the dielectric constant of the electrolyte must be constant and the film should not swell. If these conditions are fulfilled, the electrolyte is the only responsible by the variations in the film capacitance.28,31
The amount of water that penetrates the film (volume fraction of water uptake) at different immersion times can be also related to the variation in coating capacitance.28,29 According to the literature, in many cases the capacitance of the antifouling coating and, consequently, the volume fraction of water uptake (Φc) reaches a constant value after a given time.28,29 More specifically, the time associated to this plateau behaviour is called the saturation time, which is necessary for the calculation of the apparent water coefficient of diffusion (D). When the volume fraction of water uptake varies linearly with time at the beginning of the immersion period, the behaviour is Fickian. The apparent water coefficient of diffusion (D) is related with the water penetration rate into the paint as well as with the efficiency and durability of the coating.28
The electrochemical behaviour of CFT4 and CFT7 coatings were examined by EIS measurements. As reported by Chambers et al.29 and Bressey et al.,28 when water penetrates into the polymeric films, a variation in the antifouling coating capacitance is observed. This can be related with the water sorption (Φc) by the Brasher-Kingsbury equation: 28,31



where Rs is the resistance of the electrolyte solution, f = 19.5 kHz, C0 is the initial capacitance, Z’ and Z’’ is the real and imaginary impedance, respectively28. The volume fraction of water uptake (Φc) has been calculated for different times according to Equation 1, the variation of Φc versus time being represented in Figure 3. As can be seen in the inset of Figure 3, CFT4 and CFT7 coatings a linear at first times of immersion, which is consistent with the Fick’s Law.28,31
	The constant behaviour after the saturation time is well defined in the Figure 3 and is independent of the film coating, as reported by Bressey et al.28 Solid lines in Figure 3 correspond to the fitting curves.
The apparent water coefficient of diffusion (D) in the coatings was calculated according to Equation 2, where l is the antifouling coating thickness, and t1/2 is the half of initial saturation time:28,32 

	All electrochemical data, including fitting parameters and calculated values, are listed in Table 2. As expected, D was higher for CFT4 (1.35 × 10-14 m2s-1) than for CFT7 (8.60 × 10-15 m2s-1) due to the higher solubility of the FT4 pigment. In this case, the value obtained for the CFT4 coating is within the optimal range described in the literature,28 being chosen to verify its efficiency against marine fouling. Control of this property is essential to ensure the coating efficiency as antifouling paint.28
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Figure 3. Volume fraction of water uptake (Φc) versus t.l-2 (time/square root of the coating thickness) for CFT7 (black circle) and CFT4 (open red lozenge). The inset represents (Φc) versus t1/2.l-1. Lines represent the fitting curves. 

Table 2. Volume fraction of water uptake (Φc) and apparent water coefficient of diffusion (D).
	Coating
	
	
	Фc vs. t1/2 × l-1
	
	D (m2 .s-1)

	
	
	Fitting
	
	R2
	
	

	CFT4
	
	
	
	0.98
	
	1.35 × 10-14

	CFT7
	
	
	
	0.96
	
	8.60 × 10-15




	After defining CFT4 as the best antifouling coating for this study, the Nyquist and Bode plots were given for this paint after 3 and 6 days of immersion in saline electrolyte (Figure 4). A similar appearance was observed for CFT4 after 3 and 6 days of immersion, which is consistent with data reported for matrices that are as soluble, as rosin, after extended immersion.25,28 Flat semi-circles in the Nyquist diagram (Figure 4a) indicate low barrier properties against the saline electrolyte that is consistent with the behaviour of antifouling coatings with soluble characteristics.28 The low values obtained for the phase angles at low frequencies corroborate the low barrier properties of CFT4. 
[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 4.tif]
Figure 4. (a) Nyquist and (b) Bode plots for CFT4 after 3 days of immersion (closed black circle) and after 6 days (open red lozenge) in NaCl 3.5% (w/w) and pH 8.2. The inset represents the equivalent electric circuit (EEC). Lines represent the fitted data using the EEC. 

The simulation parameters (errors smaller than 5%) corresponding to the diagrams displayed in Figure 4 are provided in Table 3, while the equivalent electric circuit used to obtained such parameters is shown in the inset of Figure 4. 



Table 3. EIS parameters of CFT4 coatings after 3 and 6 days of immersion.
	
Immersion time
	R1
(kΩ.cm2)
	Q1
(µF.cm−2.sn−1)
	n1
	R2
(kΩ.cm2)
	Q2 (µF.cm−2.sn−1)
	n2
	Zoverall (kΩ.cm2)

	3 days
	33.77
	0.04
	0.73
	249.8
	6.14
	0.61
	283.6

	6 days
	18.12
	0.08
	074
	29.11
	46.4
	0.50
	47.25



	As expected, the total resistance (Zoverall) given by the sum of RS, R1 and R2 resistances decreases with  increasing immersion time due to the penetration of NaCl electrolyte.33 Similar features are revealed by the increase in the constant phase element (Q) value.33 This phenomenon is important for soluble antifouling coatings because it is associated to the release of the antifouling agent (i.e. the ferric tannate in this work).25,28 

3.3. Characterization of the FT4 pigment
	Figure 5 shows the FTIR spectrum of tannin and FT4, where the shift of 
1323 cm-1 band (tannin) to 1355 cm-1 (ferric tannate) and the broadening of peaks in tannate (suggesting an amorphous structure) suggest the formation of ferric tannate.34 
[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 5.tif]
Figure 5. FTIR spectra of tannin and FT4.

The TGA curve before and after the complexation reaction is displayed in Figure 6a and 6b, respectively. The first thermal event at 99 °C, which is observed for tannin and FT4, is related with the loss of water. The degradation is continuous from 170 °C for both pigments. The second thermal event, which occurs at 264 ºC and 270 ºC for tannin and FT4, respectively, can be associated with the degradation of the tannin. Finally, a third thermal event with a peak at 807 ºC appears for FT4 only. The latter suggests the presence of metal in the synthesized pigment (ferric tannate complex). Furthermore, the change in colour of the synthesized product (brown to violet) also corroborates the formation of ferric tannate.
[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 6.tif]
Figure 6. TGA curves of (a) tannin and (b) FT4. 

 3.4. Immersion tests
Figures 7a and 7b show the support where the tested samples were fixed before and after 6 months of immersion, respectively. After six months, severe fouling is detected on the back (without antifouling coating) of all panels (Figure 7b). After 4 months of immersion, the blank shows severe fouling in its surface (Figure 7g), while a complete absence of fouling was revealed for CFT4 (Figure 7d). After 6 months, fouling is considered extremely pronounced in the blank (Figure 7h). The CFT4 (Figure 7e) exhibits light fouling in a small area (closed to the edges) only. 

[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 7.tif]
Figure 7. Photographs of the support (a) before and (b) after immersion in the sea. Photographs of samples: (c) CFT4 and (f) blank before immersion; (d) CFT4 and (g) blank after 4 months; (e) CFT4 and (h) blank after 6 months.
	
The FT4 pigment was also tested against marine fouling in an Araldite 488 N40 (Huntsman, Germany) epoxy resin system (EFT4) under the same conditions of this work. The formulated coating showed good performance against marine biofouling after 6 months of immersion. However, when compared to the CFT4, the efficiency of the EFT4 is lower due to the insolubility of epoxy matrix. Insoluble resins have problems of pore blockages due to the deposition of salts present in the marine environment, which decreases the release effectiveness of antifouling pigments.1
Optical microscopy images of the blank (Figure 8a) and CFT4 (Figure 8b) after 6 months reflect the occurrence of severe fouling in the former (barnacles and tubeworms), whereas the latter exhibits very light fouling (slime). 

[image: E:\Diversos\tanato de Fe\Submissão\Nova versão\Figure 8.tif]
Figure 8. Optical micrographs of (g) blank and (h) CTF4 after 6 months. The inset represents a presence of Tubeworm. 

4. Conclusion
	The solubility of ferric tannate is drastically influenced by the pH of the reaction medium. A mixture of rosin/acrylic resin (9:1 w/w) was sufficient to form an antifouling coating due to the improved matrix properties. EIS measurements reveal that CFT4 follows Fick’s Law, and the apparent water coefficient of diffusion indicates that FT4 is the most suitable pigment for antifouling applications. Nyquist and Bode plots confirm the soluble behaviour of CFT4. The successful synthesis of ferric tannate at pH 4 has been corroborated by TGA and FTIR. Immersion tests reflect the efficiency of the CFT4 coating against marine fouling over the course of six months. Thus, the FT4 pigment is a very promising and environmentally friendly antifouling pigment whose efficiency may be improved with boosting co-biocides. 
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