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Abstract:



Particles can be used to improve the mechanical properties of fouling release coatings based on polydimethylsiloxane (PDMS). In this study, coatings were prepared by high speed stirring using seven types of particles, with different particle size from nanometer to micrometer. The influence of specific surface area of the particles on the dispersion tolerance was investigated. The results showed that the dispersion tolerance of particles in PDMS decreased with the increase in specific surface area of the particle, and for nano particles, the factor most affecting the dispersion tolerance was the specific surface area of agglomerate particle. Subsequently, the surface properties, mechanical properties, and biofilm adhesion assay of coatings were investigated. Results indicated that surface roughness increased with the increase of dispersion tolerance. Surface roughness of samples improved the hydrophobicity of samples, yet the polar chemical group of nano silica and fumed silica reduced the hydrophobicity of samples. Further, particles could enhance the mechanical properties of coating, especially nano particles. Compared to the coating without particle, biofilm adhesion performance of coating with particles decreased, which was determined by the increase of the elastic modulus and surface roughness of coatings.
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1. Introduction


Marine biofouling generally refers to the undesirable adhesion of marine organisms onto objects with the immersion in seawater. Marine biofouling causes the increase of energy consumption and emission of Greenhouse Gas [1,2,3], while it also damages and corrodes the structure of equipment immersed in water bodies, such as shipping vessels and offshore rigs [4,5]. These problems reduce production efficiency in related industries [6] and ultimately harm the development of the economy. Thus, many approaches have been exploited to mitigate fouling and one of the most effective ways is using antifouling coating [7]. However, the most efficient coatings, tributyl tin (TBT)-based coatings, inhibited marine fouling through the release of toxic substances. That causes imposex, intersex, and sterility for marine organisms, as well as altering shell growth in molluscs [8,9]. It has been limited by the International Marine Organization (IMO) in 2001. As an alternative environmentally-friendly antifouling coating, fouling release coatings based on polydimethylsiloxane (PDMS) have long-lasting antifouling efficiency and non-toxic releases [1,3,7]. It has become the focus of the development of new antifouling coatings.



This is a very complex and dynamic process for marine biofouling [10]. It includes four stages: (1) the formation of a conditioning layer; (2) the settlement of microorganisms; (3) the colonization of algal spores and marine larvae; and (4) the attachment of large organisms [11,12,13]. There are large number of proteins, polysaccharides, and other organic materials in the marine environment, and these organic materials form conditioning layers. Surfaces of objects immersed in seawater will be covered inevitably by the conditioning layer in a short time. Thus, reducing the settlement of microorganisms becomes the primary consideration, and inhibition of this stage can effectively reduce the damage of the follow-up stages. Specifically, it is experimentally confirmed that adhesion is proportional to the value, which is equal to the square root of the product of the elastic modulus (E) and surface free energy (γ) [14]. It can be defined as the relative adhesion factor, and it reveals that the low elastic modulus and low surface energy is better able to inhibit marine fouling, especially in microorganisms. In addition, the surface smoothness and thickness of coating also have an impact on the antifouling effect [14].



Fouling release coating based on PDMS has low surface energy and low elastic modulus [14]. These properties minimize the adhesion strength between marine organisms, especially in microorganisms and substrate surfaces, and marine biofouling is easily removed via mechanical cleaning or hydrodynamic during sailing [1,15]. More importantly, coating does not release toxic substances. However, this antifouling coating has the following disadvantages [1,4]: mechanical damage is susceptible to happen and also displays poor adhesion strength with substrates [16]. The reason for these disadvantages is in the molecular structure of the polymer. Silicon atom and oxygen atom alternates to form the basic backbone of PDMS: –Si–O–. Distinguishing from the common basic backbone of –C–C–, the molecular chain of PDMS is very flexible, and causes poor mechanical strength of PDMS polymer. In addition, PDMS polymer exhibits non-polarity, and weakens the adhesion with substrates.



In recent years, researchers have made a lot of work to solve the shortcomings of this coating. Most research studies have focused on PDMS-modified material, whereby PDMS is used as a substrate, and other organic materials provide high mechanical properties [17,18,19,20,21,22,23,24,25,26]. However, it is less on determining the mechanical properties of coating influenced by particle.



As an important part of antifouling coating, in addition to the basic function–coloration and cover, particles also play an important role in enhancing the mechanical properties of coatings [27,28]. It is expected that the mechanical properties of coatings based on PDMS will be changed owing to the addition of the particle, thereby likely changing the antifouling performance. However, the influence of particles on coatings based on PDMS has been researched independently [29,30,31,32,33]. Further, most studies were limited to changing the additive amount of particles. There is no systematic comparative study for different particles. Particles could not be mixed unlimitedly into PDMS. When it reaches the maximum mixing value, more than this value, particles will precipitate. Further, the value is also an important parameter for comparing and analyzing the effects of different kinds of particles on coatings. Research of maximum mixing value of the particle can also help to determine the effect of the particle on coating properties. Thus, the PDMS coatings reinforced by particles were prepared by a two-stage process in the current study: (1) particles and PDMS were firstly mixed via high speed mechanical agitation to prepare the pre-dispersed slurry; (2) then coating was reacted by pre-dispersed slurry and curing agent under catalytic conditions. A total of seven types of particles were used in this experiment, including barium sulfate, tourmaline, titanium dioxide, nano-silica, fumed silica, nano calcium carbonate, and nano titanium dioxide. The particle size of these particles is from micrometer to nanometer. Further, these particles have been applied in coating industry. For barium sulfate, it was used to improve mechanical properties of coatings [34]. Tourmaline has the characteristics of releasing negative ions and radiating far infrared rays [29], and can be applied in the antifouling field and affect the adhesion of fouling organism. Titanium dioxide also has good cover function. For nano particles, the influence of nano effect on marine coatings has also become the focus of research [30,31,32]. Research was performed to analyze the influence factors of the dispersion tolerance. Further, the effects of particle on properties of coatings were also investigated under the condition of dispersion tolerance.




2. Materials and Methods


2.1. Materials


Hydroxyl-terminated polydimethylsiloxane (PDMS) monomer was obtained from Dayi Chemical Industry Co., Ltd. (Yantai, China), and the viscosity of PDMS was 10,000 mPa·s. Ethylorthosilicate (TEOS) and bismuth neodecanoate (BiND) were analytical grade and purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Xylene and ethyl acetate were also analytical grade and supplied from Yongda Chemical Reagent Co., Ltd. (Tianjin, China). Seven particles, such as, barium sulfate, tourmaline, titanium dioxide, nano-silica, fumed silica, nano calcium carbonate, and nano titanium dioxide were purchased.




2.2. Preparation of Coating Samples


The coating was composed of three parts. Pre-dispersed slurry included PDMS and particles. TEOS mixed with xylene to make the curing agent (part B), and the mixture of BiND and ethyl acetate was prepared into catalytic agent (part C). The two-stage method of preparation process was as follows: PDMS (50 g) and particles after drying were added into a 500 mL stirring tank at 6000 rpm, and the mass value of particle was controlled at 0.1 g during each addition by using TD5102 electronic balance (this was purchased from Tianma Instrument Factory, Tianjin, China, and the measuring accuracy of this electronic balance is 0.1 g). The mixture needed to be stirred for 3 min after each addition of particle, and the dispersion was observed by SMS-313 stereomicroscope (Wassin Co., Ltd., Bisamberg, Austria) to ensure the accuracy of dispersion tolerance (the specific observation method was as follows: the pre-dispersed slurry was observed by a stereomicroscope, and if no insoluble particle existed in the field of view, particles could continue to be added), then pre-dispersed slurry was ground using cone mill, and afterwards, pre-dispersed slurry (part B and part C) were added to a clean container and mixed well. The whole process was also shown in Figure 1. The coating was painted on glass slides with dimensions of 75 mm × 25 mm × 1 mm, and, in the meanwhile, poured into a Teflon mold with dimensions of 150 mm × 150 mm × 3 mm. The slide samples were used for surface properties and biofilm adhesion tests and the casting samples were used for mechanical properties tests.


Figure 1. The process of coating preparation.
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2.3. Characterization


2.3.1. Scanning Electron Microscope (SEM)


The morphology of particle was observed by SUPRA 55 SEM. The test mode of particle was SE2, and the value of particle size was calculated by the Adobe Photoshop software (CS6).




2.3.2. Confocal Laser Scanning Microscope (CLSM)


The morphology of coating was analyzed by Olympus OLS4000 CLSM (OLYMPUS (China) Co., Ltd., Beijing, China) in the field of view 64 μm × 64 μm. The surface roughness of coating was measured by the software of LEXT, and the Software Version is 2.2.4.




2.3.3. Water Contact Angle and Surface Free Energy


Water contact angle measurements were conducted using the sessile drop method on a JC2000C contact angle measurement system. A 3-μL droplet of distilled H2O was placed on the sample surface using a syringe. Digital images of the droplet silhouette were captured with a charge-couple device camera and the contact angles were evaluated using the measuring angle method. For each sample, the mean of the contact angle measurements for the three points was calculated. The surface free energies were calculated by using Owens two-liquid method [35], and the second liquid is the non-polar diiodomethane. It was calculated as follows: Equations (1), (2), and (3), where [image: there is no content] denotes the dispersive force and [image: there is no content] refers to the polar force of the sample surface.
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(1)
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(2)
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(3)






2.3.4. Mechanical Properties of Coating


Tensile samples were prepared into strips (150 mm × 20 mm × 2 mm) and then stretched on a Labthink XLM auto tensile tester (Labthink Co., Ltd., Jinan, China). Breaking strength and breaking elongation rate were recorded. Elastic modulus was fitted with the data, which showed that the strain was less than 0.02 mm/mm.



HT220 shore hardness tester was applied to test the hardness of coating. This test also required membrane thickness exceeding 5 mm, thus, the prepared membrane needed to be folded repeatedly to meet the experimental requirement.




2.3.5. Biofilm Adhesion Assay


Seawater bacteria adhesion studies were conducted to evaluate the anti-adhesion property of the samples. Crystal violet was used to evaluate the content of seawater bacteria adhering to the surface of coating. Six coated glass slides were immersed in 400 mL fresh seawater at 28 °C. After 24 h, three slides were rinsed softly in sterile deionized water to remove unsettled bacteria, whereas, the other three slides were washed with a high-pressure water gun. All slides were dried in the sterile working platform to remove the residual water. Each slide was placed in 50 mL sterile centrifuge tubes with 45 mL 2216E liquid culture medium at 28 °C for 24 h. After that, slides were also rinsed softly in sterile deionized water and dried in a sterile environment. Then, glass slides were poured into crystal violet (ethanol) solution (0.03 wt %) for 15 min. Slides with crystal violet stain were immersed in acetic acid solution (36 wt %). Then, the resulting solution was poured into a quartz cuvette with a path length of 1 cm, and the absorbance of the solution was determined at fixed wavelengths (590 nm) to calculate the concentration of crystal violet using ultraviolet-visible spectroscopy (Labtech UV-2000, Labtech Co., Ltd., Beijing, China). By measuring the absorbance of liquid, the anti-adhesion properties of coating based on PDMS could be characterized. The remove rate that marine bacteria adhered to the coating samples was calculated by the formula: Equation (4). Where Da, Db, R represents, the absorbance of washing samples, the absorbance of rinsing samples, and the remove rate of biofilm adhesion.
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(4)








3. Results and Discussion


3.1. The Dispersion Tolerance of Particle in Polydimethylsiloxane (PDMS)


The dispersion tolerance (Table 1) was defined by the upper limit of the stable dispersion of the particle in 100 g of PDMS. If the additive amount of particle is more than this value, it is separated from the PDMS and forms large precipitate in the process of storage. By using a stereomicroscope, the precipitate was observed (Figure 2). That could ensure the accuracy of the dispersion tolerance test. It was showed in Figure 2 that precipitate appeared in the field of view when the additive amount of particle was beyond the dispersion tolerance.


Figure 2. Image of pre-dispersed slurry by using stereomicroscope. The particle is titanium dioxide.
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Table 1. The composition of pre-dispersed slurry.







	
Sample

	
PDMS (g)

	
Particle

	
Particle Size (μm)

	
Dispersion Tolerance (g)






	
T35

	
100

	
Tourmaline

	
0.576 ± 0.0371

	
35.4




	
Ti23

	
100

	
Titanium dioxide

	
0.440 ± 0.0562

	
23.0




	
Si20

	
100

	
Fumed silica

	
0.056 ± 0.0073

	
20.8




	
Ca18

	
100

	
Nano calcium carbonate

	
0.047 ± 0.0093

	
18.2




	
Ba17

	
100

	
Barium sulfate

	
0.316 ± 0.0612

	
17.2




	
Ti15

	
100

	
Nano titanium dioxide

	
0.034 ± 0.0102

	
15.0




	
Si11

	
100

	
Nano silica

	
0.026 ± 0.0056

	
11.6










Morphologies of particle were shown in Figure 3 and the measured particle size was listed in Table 2. For small size particles, the particle size is related to the specific surface area of particles. In this study, the specific surface area of particles was measured by BET multipoint method via an automatic nitrogen adsorption specific surface instrument (Beishide Instrument Technology Co., Ltd., Beijing, China).


Figure 3. The Scanning Electron Microscope (SEM) morphologies of particle: (a) Tourmaline; (b) Nano titanium dioxide; (c) Barium sulfate; (d) Nano silica; (e) Nano calcium carbonate; (f) Fumed silica; (g) Titanium dioxide.
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Table 2. The specific surface area of agglomeration particle.







	
Agglomerate Particle

	
Specific Surface Area (m2/g)






	
Nano Titanium Dioxide

	
4.35




	
Nano Silica

	
5.63




	
Fumed Silica

	
3.14




	
Nano Calcium Carbonate

	
3.59










Research results showed that the value of dispersion tolerance of micro particle increased with decreasing specific surface area (Figure 4b). Although the chemical properties, type, and shapes of particles are different, the particles were dispersed in PDMS in a physical way. Thus, an important factor to determine the dispersion tolerance is the contact area between particles and PDMS. PDMS wraps particles up, meaning the area of encapsulated particles is equal to the gap area of the polymer material. Limited gap area limits the number of particles. That will theoretically cause more dispersion tolerance of the particle with less specific surface area. Further, for nano particle, the dispersion tolerance in PDMS is very small due to its larger specific surface area. However, the actual results for nano particle are contrary to the theory (Figure 4a). Meanwhile, comparison of Figure 4a,b, the specific surface area of nano particle is much larger than that of micro particle—nevertheless, the dispersion tolerance is of the same order of magnitude.


Figure 4. Dispersion tolerance of particle in 100 g PDMS: (a) nanometer size and (b) micrometer size.
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After high-speed stirring, micro particles could be separated from each other, so as to make full contact with the molecular chain gap. However, the nanometer size effect of nano particles resulted in the aggregation of particles, and high-speed stirring did not break the aggregation. Therefore, the nano particle was still dispersed in PDMS resin in a state of agglomeration. The three types of micro particle without agglomeration were fully wrapped by PDMS. The gap area of PDMS was obtained by calculation. Then, the specific surface area of agglomerate nano particle was also calculated (Table 2). It could be found by contrast that the specific surface area of agglomerate particle was much smaller than that of the true particle. This was also shown in Figure 5.


Figure 5. The existence state of different size particles in coatings.
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The admeasurement of surface roughness could provide essential information on surface morphology of coatings. Morphologies of coating via CLSM were shown in Figure 6. Compared with comparison sample (P0), the surface roughness of other samples increased due to the addition of the particle. It was analyzed from morphologies of coating that there was no regularity in the surface out-of-flatness of coating, and it could affect biofouling.


Figure 6. Morphologies of coating samples: (a) T35; (b) P0.
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The surface roughness of samples was measured. The addition of particles broke the original smoothness of the coating based on PDMS and caused the appearance of rough surfaces. For micro particles, the surface roughness increased with the decreasing of specific surface area of the particle (Figure 7b). For nano particles, the specific surface area of particle refers to that of agglomerate particles, and the surface roughness and agglomerate specific surface area are also satisfied with this relationship (Figure 7a). Further experimental results shows that the increase of dispersion tolerance increases the surface roughness (Table 3). The existence of particles (include dispersed particle and agglomerate particle) in the gap of the molecular chain of PDMS has the same limited area which is determined by the area of the gap. Therefore, the larger the specific surface area was, the smaller the dispersion tolerance revealed, and the smaller surface roughness of coating.


Figure 7. Surface roughness of the coating with different dispersion tolerance of particle: (a) agglomeration of nano particle and (b) micro particle.
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Table 3. The surface roughness, dispersion tolerance, water contact angle, and surface free energy of coating samples.







	
Sample

	
Surface Roughness (μm)

	
Dispersion Tolerance (g)

	
Water Contact Angle (°)

	
Diiodomethane Contact Angle (°)

	
Surface Free Energy (mJ/m2)






	
T35

	
0.029

	
35.4

	
113.5 ± 0.15

	
70.3 ± 0.49

	
23.5 ± 0.39




	
Ti23

	
0.025

	
23.0

	
112.0 ± 0.41

	
68.6 ± 0.33

	
24.3 ± 0.59




	
Si20

	
0.021

	
20.8

	
105.8 ± 0.70

	
63.0 ± 0.21

	
27.1 ± 0.30




	
Ca18

	
0.019

	
18.2

	
110.6 ± 0.21

	
67.8 ± 0.70

	
24.7 ± 0.42




	
Ba17

	
0.016

	
17.2

	
108.8 ± 0.22

	
66.9 ± 0.43

	
25.0 ± 0.38




	
Ti15

	
0.016

	
15.0

	
107.8 ± 0.61

	
66.2 ± 0.30

	
25.3 ± 0.37




	
Si11

	
0.012

	
11.6

	
106.1 ± 0.41

	
63.9 ± 0.32

	
26.6 ± 0.13




	
P0

	
0.008

	
0

	
106.5 ± 0.12

	
65.0 ± 0.27

	
25.8 ± 0.21











3.2. Surface Properties


Water contact angle and surface free energies can provide important information on the wetting behavior and antifouling property of coatings. The contact angle results and surface free energies were presented in Table 3. Compared with the coating P0, water contact angle of the coating (Si20, Si11) decreased, while the contact angle of other coatings increased. Related research has indicated that increasing roughness of a hydrophobic solid enhanced its hydrophobicity [36,37,38]. This hydrophobicity phenomenon can be explained by Wenzel model [36]. Apart from samples Si20 and Si11, other sample data could be consistent with this model. Whereas the Wenzel model is mainly explained by physics, it did not relate to the impact of chemical bonds. There were hydroxyl groups in nano silica and fumed silica, which was determined by the preparation process of particles. It also belonged to the chemical characteristics of particles. Therefore, the hydroxyl group was added into the coating, and it weakened the hydrophobicity of the coating. For samples Si20 and Si11, the effect of increased surface roughness of coatings on hydrophobicity was masked by the polarity of the particle. That caused decreases in the water contact angle of coatings (Si20, Si11).




3.3. Mechanical Properties


In Figure 8 and Table 4, the tensile properties of the coating samples is shown. Experimental results showed the elastic modulus, shore hardness, breaking strength, and breaking elongation increased accordingly with the addition of the particle. PDMS mixed with particles to form the crosslink-structure. When the coating was suffering from stress, particle distributed in the crosslink-structure could disperse stress so that it caused the increase in mechanical properties. The difference in the mechanical properties of coatings was caused by different reinforcement effect of particle. The effect of nano particles enhancing the mechanical properties of coating was more obvious. Although nano particles existed in the PDMS with the state of aggregation, there was still no aggregation of particle dispersed into coating, and the small size effect of nano particle could better enhance the mechanical properties of coating. In this research, it was highest for coating with nano titanium dioxide on shore hardness and elastic modulus, and it was highest for coating with fumed silica on breaking strength and breaking elongation. The increase of the elastic modulus could cause the decrease of antifouling property, and this conclusion needed to be detected by biofilm adhesion experiment.


Figure 8. Shore hardness and elastic modulus of coating samples.
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Table 4. The breaking strength and breaking elongation of coating samples.







	
Sample

	
Breaking Strength (MPa)

	
Breaking Elongation (%)






	
T35

	
0.233

	
279




	
Ti23

	
0.237

	
166




	
Si20

	
0.471

	
290




	
Ca18

	
0.164

	
158




	
Ba17

	
0.155

	
152




	
Ti15

	
0.334

	
165




	
Si11

	
0.214

	
137




	
P0

	
0.054

	
39











3.4. Biofilm Adhesion Assay


Crystal violet staining was used to label the bacteria attached to the sample. Figure 9 showed the adhesion of bacteria on the different samples. The difference between rinsing and washing could be clearly shown. Subsequently, the biofilm adhesion assay of coatings needed to be tested qualitatively, and the test data revealed by UV-Vis spectrophotometer. In all the experimental samples, the value of bacterial adhesion of P0 was the minimum (Figure 10). For fouling release based on PDMS, lower surface free energies of coatings could reduce biofouling. However, the results showed that the anti-biofilm adhesion properties of coatings added particles declined. For coatings added particles, the reason for the decrease of surface free energy (the increase of hydrophobicity) was the increase of surface roughness. The rough surface provided the fulcrum for the adhesion of fouling organisms, which made fouling organisms easier to assemble on the surface of coatings [2]. Further, the addition of particle improved the mechanical properties of coatings at the same time reduced the anti-adhesion properties of coatings. This result was in accordance with the theory of the relative adhesion factor. It was also revealed in Figure 11 that the tendency of the removed rate of biofilm adhesion was contrary to the value of the elastic modulus of coatings [39]. In high elastic modulus state, cleaning the bacteria required higher energy, so that the bacteria were more difficult to remove [40,41]. For this experiment, anti-biofilm adhesion of Ca18 was the best compared with other coating added particle after washing. It was suggested that the anti-biofilm adhesion of coatings was determined by the surface free energies, elastic modulus, and surface smoothness of coatings.


Figure 9. The sample stained by crystal violet.
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Figure 10. The absorbance at 590 nm.
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Figure 11. The remove rate of biofilm adhesion and elastic modulus of coatings.
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4. Conclusions


Dispersion tolerance of micro/nano particle in PDMS was examined, and their influence on the properties of fouling release coatings based on PDMS was measured. The results showed that the dispersion tolerance of the particle increased with decreasing specific surface area of the particle (for nano particle, the specific surface area of particle referred to that of the aggregates particle). The larger dispersion tolerance of particle was in PDMS, the greater surface roughness of coatings revealed. The increase of surface roughness of coatings also led to the enhancement of hydrophobicity of coatings. However, water contact angle of coatings for Si11 and Si20 decreased due to the polarity of the particle. Additionally, particle obviously enhanced the mechanical properties of coatings, in which the effect of nano particle was better. And biofilm adhesion assay showed that anti-biofilm adhesion property of coatings decreased with the increasing elastic modulus and surface roughness of coatings. Among all prepared coatings, Ca18 showed the best inhibition ability of biofilm adhesion under the dispersion tolerance condition.
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