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Abstract

:

Due to the current dependence on biocidal antifouling coatings for biofouling control, there is a continuing international challenge to develop more environmentally acceptable antifouling systems. Fluctuating the pH values on paint surfaces is one of these approaches. We developed an antifouling test device to investigate algal biofilms on conductive paints by using a flume with electrochemically working test panels and subsequent confocal laser scanning microscopy (CLSM) of biofilms. By employing a pole reversal of direct current, fluctuating pH values on the paint surface were generated. As a consequence of the resulting pH stress, colonization of the paint surface by diatoms decreased substantially. The density of biofilm algae decreased with increasing pH fluctuations. However, breaks between electrochemical treatments should not exceed one hour. Overall, we established an experimental setup for testing the antifouling capabilities of electrodes based on conductive paints, which could be used for further development of these varnishes.
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1. Introduction


Ship hulls need to be coated with an effective antifouling system to prevent the adverse consequences of biofouling, such as the increase in energy demand for movement [1]. Organotin copolymer antifouling coatings were especially effective, but these were widely banned in 2003 following the discovery of the harmful effects of released organotins on marine and freshwater organisms [2]. Even in the absence of organotin coatings, antifouling coatings that function by the continuous release of biocides continue to be the principal method of biofouling control. This results in an ongoing challenge to develop more environmentally acceptable antifouling systems. Besides conventional antifouling paints that contain high concentrations of copper, alternative strategies, such as the imitation of natural antifouling processes, microstructured surfaces, and nonstick and fouling-release concepts, were tested [3]. In addition, superhydrophobic surfaces [4] and the removal of molecular oxygen or the addition of electron acceptor chemical species (sulfate or nitrate) [5] have been considered.



One potential approach is the application of conductive coatings that serve as electrodes for the electrolysis of sea water. Application of a current causes a pH shift on the paint surface, decreasing the pH at the positively charged anode and increasing the pH values at the negatively charged cathode. Pairs of electrodes (see Figure 1) are pulse-wise changed from oxidizing potentials Eox to reducing potentials Ered, and then inversely changed again. At Eox, the sea water is electrochemically oxidized, accompanied mainly by the oxidation of chlorides according to Equations (1) and (2), followed by the disproportionation of chlorine Equation (3):


2 H2O → 4 H+ + O2↑ + 4e−



(1)






2 Cl− → Cl2 + 2e−



(2)






Cl2 + H2O → 2 H+ + ClO− + Cl−



(3)







Concentrations of Cl2 and ClO− are too low to have a potential toxic effect themselves. The protons are generated at or nearby the surface of the anodically working electrode. At Ered, water is electrochemically reduced according to Equation (4) and accompanied by the reduction of dissolved oxygen Equation (5):


4 H2O + 4e− → 4 OH− + 2H2↑



(4)






O2 + 2 H2O + 4e− → 4 OH−



(5)







Thus, the resulting excess of hydroxide ions is generated at the cathodically working electrode. Therefore, the pH nearby the cathode is drastically increased, and the pH nearby the surface of the counter electrode is decreased, in an analogous manner. Therefore, the pulse-wise changing of the electrolysis current and the periodic commutation of the electrode pairs generates a periodic and drastic change of the pH at the surface of varnished electrodes. The pH fluctuation can be increased by higher current densities during the anodic and cathodic pulses. Pole reversal results in pH fluctuation, causing severe stress for microorganisms and the larvae of higher organisms. This approach is based on German and European patents [6,7,8], which described the principle of the method, i.e., the pH change at the surface and the negative effect on biofouling. The method is based on graphite foil as a conductive layer, which is, however, not applicable for larger ships or too expensive. Hence, no commercial product with conductive paints is on the market as an antifouling approach so far. Moreover, the literature on electrochemical antifouling technology focuses on seawater electrolysis and the formation of chlorinated and brominated compounds [9,10,11,12]. No studies on the effect of pH change on algal biomass have been published in scientific journals to the best of our knowledge. Thus, there is the need to test conductive paints and to improve their electrochemical properties and the operational process of the electrochemical generation of pH stress. Our study describes such a test device for laboratory-scale biofouling/antifouling experiments. We developed an approach for testing selected conductive paints against microfouling under dynamic conditions in a flume. We performed a first experiment where several exemplary paints and related pH values at their surfaces were investigated with respect to their effect on algal density. In a second experiment, we aimed to find the optimal duration of the break between temporally defined impulses of the electrolysis current, which allows the suppression of biofouling at a minimum of electrochemical stress on the surface of the paint. Our test device enables a pretest as a first step to identify suitable paints, which may subsequently be tested in more detail in marine environments at a larger scale.




2. Materials and Methods


Coating samples: The paints were coated on polycarbonate panels that were 10 cm wide and 15 cm high and bent by 30° at the height of 10 cm. Three-layer coatings were comprised of an isolating primer layer, a second highly conductive layer guaranteeing a homogeneous distribution of the density of electrolysis current at the electrode surface, and a third conductive outer layer (Table 1). To prepare the primer, 66% (m/m) of Hempel Light Primer, 19% (m/m) of Curing Agent 95360, and 15% (m/m) of Thinner 845 were mixed for 2 min in a speed-mixer. To prepare the sol–gel NTC coatings (NanoTech Coating GmbH, Tholey, Germany), four volume parts of Et-Sil 110 marine and one volume part of Et-Sil hardener were mixed for 2 min in the speed-mixer. Proportions of 30% (m/m) and 45% (m/m) of graphite powder (synthetic, Sigma-Aldrich) were added to the stock component before mixing with the hardener to obtain NTC-G30 and NTC-G45, respectively. Both varnishes were applied by brushing five to six times, with passive curing after the third and the last brushing. NTC-G45 was used as the inner conducting layer in order to homogeneously distribute the density of the electrolysis current. The exact number of brushings did not affect electrochemical performance. For the NTC-G45-TSF-varnish, the graphite was impregnated with 89 mg tetramethyltetraselenafulvalen (TSF) in 200 mL butylacetate (BuAc). TSF was added to increase the electrical conductivity of the second layer. After the addition of another 15 mL of BuAc, the suspension was ultrasonicated for 10 min before the modified graphite was separated by filtration. The graphite modified PU-G was used to achieve a higher elasticity and an expected higher robustness in comparison to the NTC sol–gel varnishes, which may be too recalcitrant. Varnish D was prepared to find a layering system with improved practicability. The four varnishes, A–D, listed in Table 1, were used in the first experiment, including a control without electrochemical treatment painted with Varnish A, while only Varnish A was used in the second experiment.



Antifouling test device (Lagotech GmbH, Magdeburg, Germany): Experiments were performed in a laboratory flume system (Figure 1). The flume had a channel length of 1.50 m, a water depth of 0.1 m, and a circulation pump for a linear flow rate of 2 cm s−1, mimicking a low water flow in an inner harbor. The flume (including a storage reservoir) was filled with 60 L pure water amended with 720 g of sea salt (Tropic Marin), resulting in salinity of 12 psu, which is representative of the average salinity in Kühlungsborn at the German coast of the Baltic Sea [13]. In addition, inorganic nutrients of a diatom medium (120 mL Ca(NO3)2 4H2O, 60 mL K2HPO4, 150 mL MgSO4 7H2O, 120 mL Na2CO3, 300 mL Na2SiO3 9H2O, and 300 mL micronutrient solution) were added. The electronic control unit had four independent ports for the electrochemical treatment of one pair of test panels (the coated electrodes) each. The direct current was adjusted to 10 mA at voltages between 3 and 14 mV, representing a current density of 0.1 mA cm−2 on the panels. The schedule for pole reversal and breaks between the current impulses was freely programmable. Figure 1 (blue frame) shows the applied time schedules I to IV of the electrolysis current: 4 min positive charge, 1 min break, 4 min negative charge, 20 min break, as described in the patent [8] for Experiment 1, and variable breaks for Experiment 2.



pH measurement and performance of the experiment: Pairs of painted panels were placed opposite each other in the flume and connected with the control unit, with the exception of one pair of control panels painted with the varnish A without electrochemical treatment. The pH at the paint surface was measured using a pH microprobe (pH-10, Unisense, Aarhus, Denmark) as a function of the time schedule of the electrolysis current. The microprobe was calibrated in standard buffer solutions of pH 4.0, 7.0, and 10.0. The probe was fixed at a micromanipulator and shifted as close as possible to the paint surface (see insert in Figure 1) with the help of a stereo-microscope (Stemi SV 11, Zeiss, Jena, Germany). Since diatoms are the main components of slime biofilms in marine environments [14,15,16], four benthic species (Amphora coffaeiformes, Achnanthes brevipes, Nitzschia frustulum, Navicula salinicola ) were cultivated separately in the laboratory in diatom medium (see above) at 21 °C and a light intensity of 60 µmol m−2 s−1 at a light–dark cycle of 12:12 h. The experiment was started directly after pH measurements. For this purpose, aliquots of about 1 L diatom culture, i.e., algal cells and diatom medium, of each species were added simultaneously to the flume as inocula. The incubation was done at a constant temperature of 21 °C, and a light intensity of 60 µmol m−2 s−1 at a light–dark cycle of 12:12 h. The growth of diatoms was followed weekly by confocal laser scanning microscopy (see below).



Microscopy: The fully hydrated biofilms were examined by confocal laser scanning microscopy (Leica Microsystems, Wetzlar, Germany) for three-dimensional analysis of different cellular (chlorophyll a autofluorescence, nucleic acid stained bacteria) and polymeric biofilm constituents (glycoconjugates) [17]. The application of CLSM on painted surfaces was recently established [13,18] and showed good agreement with chlorophyll measurement [13]. Plates were disconnected from the control unit in the flow channel and transferred into Petri dishes weekly for staining. The fluor-probes were applied in the upper and lower part of the plates located at a depth of 2 and 8 cm in the circulating medium. For this purpose, two small plastic rings of 15 mm diameter and 20 mm height were glued with silicone onto the plates. The fluorescent staining was applied in this isolated ring area in order to avoid staining of the whole plate. For visualization of lectin-specific glycoconjugates in the biofilm matrix, samples were counterstained with lectin AAL (Aleuria aurantia) conjugated with the fluorochrome Alexa568 for 30 min at room temperature in darkness according to [19]. After rinsing with tap water three times, the samples were stained with the nucleic-acid-specific stain Syto9 for 5 min to label the bacteria. The plastic rings used for staining were removed from the plates afterwards. For CLSM, a TCS SP1 (Leica) setup with an upright microscope was available. For excitation, an argon laser (488 nm), a laser diode (561 nm), and a helium/neon laser (633 nm) were used [17]. Emission signals were recorded at 500–550 nm (nucleic acid stained bacteria), 585–625 nm (lectin-specific glycoconjugates), and 650–750 nm (chlorophyll a). Samples were examined with water-immersible lenses 20 × 0.5 NA or 63 × 0.9 NA. For each plate, ten images with 63 × (Experiment 1) and ten images with 20 × objective lenses (Experiment 2) were recorded. After microscopy, the plates were transferred to the flume and connected with the control unit again. The next staining and microscopy were done at different locations of the plates.




3. Results and Discussion


The fluctuations of pH at the paint surface differed between the four paints in Experiment 1 (Figure 1, red frame). Only small pH changes of about 0.5 in each direction were observed on Paint A. A pH minimum of 5 and a pH maximum of 10 were measured on the surface of Paint B. The pH extremes were always achieved after 4 min at the end of the electrochemical treatment (Figure 1). Paints C and D showed moderate changes in pH between about 6 and 9. The principle functioning of the electrochemical treatment, i.e., the electrochemical generation of pH changes [6,7,8], was confirmed.



Maximum algal biomass was observed after two weeks of incubation when a well-established biofilm was observed on the control plates. The CLMS images showed dense colonization with diatoms (shown in blue; Figure 2, red frame). A slime matrix of extracellular glycoconjugates (shown in red), which are produced by benthic diatoms [20] and bacteria (shown in green), were also detected. No autofluorescence of the paint was detected in the control without electrochemical treatment. Overall, the control plates showed biofilm images typical for painted surfaces [13]. In comparison to the uncharged control panels, different patterns of surface structure and of fluorescence were observed after electrochemical treatment. The current had modified the paint surface in a way that bound fluorescence dyes to the paint, or the paint showed autofluorescence at the applied wavelength (Figure 2). This was true particularly for Varnishes A–C but not for Varnish D that contained no sol-gel system (Table 1). Thus, the detection of bacteria and EPS was not possible after electrochemical treatment. However, the different patterns of surface structure and fluorescence originating from the paint after electrochemical treatment were not strong enough to obscure autofluorescence of chlorophyll a. The number of diatoms was much lower on paints after the electrochemical treatment than on control plates. Counting the algae on treated paints showed the lowest densities on Paints B and D, moderate densities on Paint C, and highest densities on Paint A (Figure 2). This demonstrates a negative relationship between the pH differences and the density of attached algae on the surface of the paint, indicating the effect of the treatment. In the second experiment, the biofilm was characterized by a dense diatom community on the control panel after two weeks (Figure 2, blue frame). Algal numbers were much lower on the electrochemically treated paints, where different patterns of surface structure and fluorescence were observed again. Algal density was equal on plates treated with 20, 40, and 60 min breaks (Figure 2). In contrast, it was significantly higher on plates on which a 99-min break was applied (one-way ANOVA: p = 0.024). Therefore, the breaks between electrochemical treatments should not be longer than one hour in order to achieve a maximum antifouling effect. This is important to minimize the electrochemical exposure of the outer layer of the antifouling coating, improving the process stability to achieve the required process times, e.g., at ship hulls.



There is also a need to develop highly conductive varnishes for the second layer of the painted electrode that are not too expensive to achieve electrical conductivities high enough for a homogeneous distribution of current densities on the large immersed surface areas of big ships. The energy demand for the low-voltage electrochemical treatment should not be high. Hypothetically assuming the application of the proposed electrochemical antifouling on MS Gülsün, a large containership (length 383.1 m, width 61.5 m, draught 16.5 m; [21]), to cover an immersed surface area of around 27,000 m2 (calculated by using the Mumford formula [22]) would need maximum electrical power of around 135 KW (<0.2% of the main engine power of 75,760 kW) for a power density of 5 Wm−2 on the painted electrodes, corresponding to electrical energy consumption of 3249 KWh per day in continuous operation mode of 894 KWh for Schedule I, and 376 KWh for Schedule III (see Figure 1). Taking into consideration the investigations of Schultz [1], who calculated an additional need of power by up to 85% to hold the speed of a medium-sized warship (frigate at 15 kn) caused by biofouling, a significant economic benefit can be expected of electrochemical antifouling.




4. Conclusions


We established an experimental setup for testing the antifouling capabilities of conductive paints as electrodes. The proposed electrochemical treatment significantly decreases the number of adhered algae in comparison to the control panels. The density of biofilm algae decreased with increasing pH fluctuations during the time schedule of the electrochemical treatment. The result indicates a quantitative relationship between treatment strength and observed effect. Further research should focus on the long-term operational stability of the proposed paints as electrodes for low-current seawater electrolysis. By this means, an optimal electrochemical antifouling and corresponding process stability of the paints may be achieved. The test device presented enables the test of many coatings to find suitable ones for a subsequent application on a larger scale. To enable an application to large surfaces, it is an ongoing challenge to increase the spatial range of electrochemical treatment by highly conductive paints and to prevent leakage of energy by damaged cover coatings. Future investigations should be performed to test conductive paints on larger plates in the sea under field conditions and, in the next step, on the hull of real ships.
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Figure 1. Experimental setup (photo): (a) electronic control unit with four independent ports, (b) stereo-microscope, (c) micromanipulator, (d) flume, (e) pairs of painted plates with red and black contacts and a reference pair of electrodes coated with Varnish A but without electrical contacts; insert: (f) pH probe. Experiment 1 (red frame): temporal development of pH at the surface of four paints (see Table 1 for paints A–D). Periods of positive and negative charges are marked in red and blue, respectively. Experiment 2 (blue frame): time schedule of the electrolysis current (I–IV). 
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Figure 2. Left side: maximum intensity projections of CLSM data sets from biofilms after two weeks incubation: on the control pair of plates with Varnish A without electrolysis current and four paints (Experiment 1; red frame) and on the control and paint with four break times (Experiment 2; blue frame). Colour allocation: blue—autofluorescence of chlorophyll a, green—bacteria, red—lectin-specific EPS glycoconjugates. Right side: Algal density on the four paints, A–D (Experiment 1), as a function of the pH difference at the paint surfaces and on Paint A at different break times (Experiment 2; error bars: SD of ten images). The asterisk indicates a significant difference. 
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Table 1. Properties of the used coating samples A–D. HLP: Hempel Light Primer, NTC: NanoTech Coatings, TSF: tetramethyltetraselenafulvalen, PU-G: polyurethane with graphite particles.
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	Varnish
	Primer Layer
	2nd Layer
	3rd Layer





	A
	HLP
	NTC-G45
	NTC-G30



	B
	HLP
	NTC-G45-TSF
	NTC-G30



	C
	HLP
	NTC-G45
	PU-G



	D
	HLP
	PU-G
	PU-G
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