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Abstract: In this study, phenylmethylsilicone oil (PSO) with different viscosity was used for research
in fouling release coatings based on polydimethylsiloxane (PDMS). The surface properties and
mechanical properties of the coatings were investigated, while the leaching behavior of PSO from the
coatings was studied. Subsequently, the antifouling performance of the coatings was investigated
by the benthic diatom adhesion test. The results showed that the coatings with high-viscosity PSO
exhibited high levels of hydrophobicity and PSO leaching, while the high PSO content significantly
decreased the elastic modulus of the coatings and prolonged the release time of PSO. The antifouling
results indicated that the incorporation of PSO into coatings enhanced the antifouling performance of
the coating by improving the coating hydrophobicity and decreasing the coating elastic modulus,
while the leaching of PSO from the coatings improved the fouling removal rate of the coating. This
suggests a double enhancement effect on the antifouling performance of fouling release coatings
based on PDMS with PSO incorporated.

Keywords: polydimethylsiloxane; phenylmethylsilicone oil; viscosity; additive amount; leach;
antifouling

1. Introduction

Marine biofouling refers to the colonization of submerged surfaces by marine micro- and
macro-organisms, and is a worldwide problem affecting maritime and aquatic industries [1–5].
For a long time, painting antifouling coatings on seawater-impregnated substrates has been an effective
way to inhibit the attachment of marine organisms. It has been widely applied, such as in shipping
vessels, heat exchangers, offshore rigs, jetties, aquaculture cages, and other submerged structures in
the marine environment [6,7]. Meanwhile, one statistical analysis indicated that the practice saves the
global shipping industry an estimated 150 billion US dollars per year [8]. Among them, self-polishing
antifouling coatings incorporating tributyltin-based compounds (TBT-based coatings) are the most
efficient. Unfortunately, with the development of relevant research, these coatings have been revealed
as toxicants toward non-targeted species [2]. Furthermore, TBT compounds have also been reported
to accumulate in mammals and debilitate the immune defenses of fish [2,3]. Therefore, in 2001 the
International Marine Organization (IMO) forbade the use of TBT-based coatings. Moreover, the biocide
used in the marine environment is now under strict control in many countries, and it has become
a driving force for the development of environmentally-friendly alternative coatings, which mainly
include fouling-resistant coatings, fouling release coatings, and fouling degrading coatings [8–12].

It is known that marine biofouling involves a wide variety of organisms (more than 4000 species
have been identified) [12]. It has the following characteristics: the fouling organisms change very
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quickly, attaching to the growth is very easy, there is no selective attachment to most of the matrix
materials, and the environmental adaptability of organisms is very strong. Therefore, it is difficult to
completely reject the adhesion of the fouling organisms on the substrate. For fouling release coatings,
by minimizing the adhesion strength between fouling organisms and the material surface, fouling may
be readily removed by simple mechanical cleaning or hydrodynamic stress during navigation [13].
These coatings use physical means to protect the substrate immersed in seawater, and are not causes of
environmental pollution. They are now widely used as environmentally-friendly alternatives [8,13].

Polydimethylsiloxane (PDMS) has a linear structure and is the most common hydrophobic
material. The molecular structure of PDMS is arranged in helixes, whereas the outwards-directed
methyl groups provide hydrophobicity [14,15]. PDMS with low surface energy and low elastic modulus
reduces the adhesion of marine organisms [16,17]. It has been prepared for fouling release coatings,
and the first organic PDMS-based polymer antifouling coating came out in 1972 [18].

The incorporation of non-reactive silicone oil in fouling release coatings based on PDMS has been
seen since 1977 [19]. Related studies have suggested that silicone oil additives in fouling release PDMS
coatings could reduce the coefficient of friction and favor an easier release of fouling organisms [20,21].
Further studies showed that the increase of interfacial slippage with silicone oil leached from the
coated surfaces improved the fouling release performance [22]. Although the potential of silicone oil to
affect the ability to overcome cellular barriers has been pointed out [17], there is no statistical evidence
to support these concerns [13,20]. The incorporation of silicone oil into fouling release coatings based
on PDMS showed that the amount of silicone oil was negligible [22,23], and the low toxicity of silicone
oil caused little harm in marine life [24–26].

The research on the incorporation of silicone oil into coatings is mainly focused on the evaluation
of antifouling behavior on certain specific fouling organisms by the leaching of silicone oil [20–23].
There is no related research on the choice of silicone oil, including viscosity and added amount.
A particularly significant research gap exists regarding the effect of these factors on the leaching
speed and the leaching percent of silicone oil. In this experiment, the phenylmethylsilicone oil (PSO)
with different viscosity and content was incorporated into fouling release coatings based on PDMS.
The effect of the leaching amount of PSO on the antifouling performance of the coating is studied
herein, and the leaching cycle of PSO is predicted by a reasonable measurement. The analysis of related
properties can reveal the reasons for the improvement of the antifouling performance of the coating.

2. Materials and Methods

2.1. Materials

Hydroxyl-terminated polydimethylsiloxane (PDMS) was obtained from Dayi Chemical
Industry Co., Ltd. (Yantai, China). The kinematic viscosity of PDMS was 10,000 mm2/s and the relative
molecular weight was about 60,000. Phenylmethylsilicone oil (PSO) was purchased from Shanghai
Hualing Resin Co., Ltd. (Shanghai, China). The kinematic viscosity of PSO was 30 mm2/s, 75 mm2/s,
and 100 mm2/s for products known as Si-30, Si-75, and Si-100, respectively. Tetraethylorthosilicate
(TEOS) was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Bismuth
neodecanoate (BiND) was obtained from Deyin Chemical Co., Ltd. (Shanghai, China). Xylene and ethyl
acetate were also analytical grade and supplied by Yongda Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Preparation of Coating Samples

The coating was composed of three parts. Pre-dispersed slurry included PDMS and PSO.
TEOS and xylene were mixed to make the curing agent, and the mixture of BiND and ethyl
acetate was prepared into the catalytic agent. The two-stage process of the preparation method
was as follows: PDMS (100 g) and PSO were added into a 500 mL stirring tank at 2000 rpm
for 30 min. Afterward, coatings were prepared in a 20:4:1 weight ratio of PDMS (from the
pre-dispersed slurry):curing agent:catalytic agent. The coating was brushed on glass slides with
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dimensions of 75 mm × 25 mm × 1 mm, and also poured into a Teflon mold with dimensions of
150 mm × 150 mm × 2 mm for at least 8 h to form a cross-linked elastomer. The blank control sample
without PSO was set as A, and other experimental samples were set as Ax-y, where x represents the
viscosity of PSO and y represents the mass of PSO.

2.3. Experimental Procedure

The antifouling performance of the fouling release coating based on PDMS depends mainly on
the surface and mechanical properties. Therefore, we analyzed the effect of the PSO on the above
properties. In this study, the change in surface properties was due to the change of the chemical
composition caused by the incorporation of PSO, which could be analyzed by Fourier transform
infrared (FTIR) spectroscopy. The influence of the PSO on the crosslink density of the coating was
beneficial to the analysis of the coating’s mechanical properties. The focus of this study was on the
observation of leaching PSO, including leaching amount and leaching percent. The leaching of the
PSO with different viscosity and content needed to be characterized by reasonable parameters. Finally,
the antifouling performance of the coating was analyzed. Error values are quoted as standard error of
the mean (SEM), based on the number of samples analyzed (n).

2.4. Characterization

2.4.1. Surface Properties of the Coatings

Contact angle measurements were conducted using the sessile drop method on a JC2000C contact
angle measurement system (Shanghai Zhongchen Co., Ltd., Shanghai, China). Three-microliter
droplets of distilled H2O and CH2I2 were placed on the sample surface using a syringe. Digital images
of the droplet silhouette were captured with a charge-coupled device camera and the contact angles
were evaluated using the measuring angle method. Six points for each sample were tested for the
contact angle measurement. The surface free energies were calculated from the measured water contact
angles and diiodomethane contact angles using Owens two-liquid method [27].

In order to analyze the effect of the chemical composition on the surface properties of the
coating, FTIR spectra were recorded on a Frontier PerkinElmer infrared spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) within a scan range of 4000–650 cm−1 and a resolution of 2 cm−1.
For each sample, 32 scans were recorded and a high-performance diamond single-bounce Attenuated
Total Reflection accessory was used. The spectral evaluation was performed using the Spectrum 10.3.6
software package from PerkinElmer.

2.4.2. Mechanical Properties of the Coatings

Tensile samples were prepared into strips with 150 mm × 20 mm × 2 mm and then stretched on a
Labthink XLM auto tensile tester (Labthink Co., Ltd., Jinan, China) with the 1.15 software package.
The tensile speed was at 50 mm/min. Elastic modulus was fitted with the data, which showed that the
strain was less than 0.02 mm/mm. Three samples of each coating were prepared for the experiment.
The stress–strain curves of the coatings were presented by selecting the data for which the elastic
modulus value was close to the average value.

A HT220 shore hardness tester was applied to test the hardness of the coating. The thickness
of the test sample must exceed 5 mm, and thus the prepared casting sample was folded repeatedly
to meet the experimental requirement [28]. Similarly, three samples for each coating were used in
the experiment.

In order to determine the origin of the mechanical properties of the coating, the crosslink density
of the coating was measured by the equilibrium swelling method [29]. Generally, it can be expressed
by the molecular weight between crosslink points (MC). Toluene was used as the solvent which could
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dissolve the PSO in the coating, and then the swelling of the gel could be determined. The value of MC
was calculated by the Flory–Rhener relation,

MC =
−ρV

(
v

1
3 − v/2

)
ln(1 − v) + v + χ1 × v2 (1)

where v represents the volume fraction of the polymer in the swollen specimen [29]; ρ represents
the density of samples before swelling; V represents the molar volume of the solvent, and it is
106.125 cm3/mol for toluene; χ1 refers to the Flory–Huggins interaction parameter between the sample
and toluene, and it is 0.45 in this experiment.

In order to ensure the accuracy of the experimental data, the weight of the sample was measured
every 3 h by using a precision balance (Mettler Toledo Co., Ltd., Zurich, Switzerland) during the
swelling process. When the difference of the adjacent measurement data did not exceed 0.1 mg,
the sample was up to the equilibrium swelling state. The whole experiment was performed at 25 ◦C,
while three samples for each coating were used in the experiment.

2.4.3. The Leaching Observation of the PSO

The morphology of the leached PSO on the sample surface was analyzed by an Olympus
OLS4000 CLSM (OLYMPUS (China) Co., Ltd., Beijing, China) with a field of view 2575 µm × 2581 µm.
The software version was 2.2.4.

The leaching percent of the PSO with exposure time was analyzed. Before brushing slide samples,
the mass of the slide (m0) was measured with a precision balance, and the mass of the slide sample
(m1) was also measured after 2 days of curing. Then, the mass of the PSO in the coatings could be
calculated. Every t days, the surface of the coating was wiped with alcohol swabs, and the mass of
the cleaned slide sample (mt) was determined. The leaching percent of PSO (WPSO) was calculated by
Equation (2), where w denotes the mass percent of PSO in the coating.

WPSO =
(m1 − mt)

w × (m1 − m0)
× 100% (2)

The MC value of coating A could be calculated by the equilibrium swelling method, and then the
PSO was used as the solvent to swell Coating A at 25 ◦C. The experimental method was as reported
before. By Equation (1), the Flory–Huggins interaction parameter (χ) between Coating A and the
PSO was also calculated [29], and could be used as a parameter to evaluate the leaching of the PSO
with different viscosity. Densities of the samples and the PSO were measured by a MH-300A electron
density meter (Kunshan Creator Testing Instrument Co., Ltd., Kunshan, China) and are shown in
Table 1. In this experiment, the molar volume of the PSO was calculated by the relative molecular
mass and density. The relative molecular mass of the PSO was researched via PL-GPC-50 normal
temperature gel permeation chromatograph (POLYTECH Co., Ltd., Beijing, China) and are also listed
in Table 1.

Table 1. The density and the relative molecular mass of experimental materials. PDMS:
polydimethylsiloxane.

Materials Coating A Si-30 Si-75 Si-100 PDMS Resin

Density (g/cm3) 0.975 0.996 1.001 1.007 -
Relative molecular mass - 450 610 700 60,000

2.4.4. Benthic Diatom Adhesion Tests

Navicula sp. was used to measure the antifouling performance of the coatings, and was obtained
from the Institute of Oceanology, Chinese Academy of Sciences (Qingdao, China). The influence of
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the PSO on benthic diatom adhesion tests of the coatings included two stages: the stage without
the leaching of PSO and the stage with the leaching of PSO. Therefore, it was necessary to conduct
benthic diatom adhesion tests on the coatings before and after the PSO leached. In this experiment,
samples cured for 1 day with no leached PSO observed and samples cured for 30 days with leached
PSO observed were selected. Before the benthic diatom adhesion tests, all samples were cleaned with
alcohol to ensure that there was no dust or leached PSO.

Six coated slides of each coating were immersed in 105–106 cell/mL fresh benthic diatom
suspension for 24 h, then three slides were rinsed lightly with sterile deionized water to remove
unsettled diatoms, whereas the other three slides were washed with a CB-8L-C high-pressure water
gun at 0.1 MPa for 20 s (Haishu Chebo Industry & Trade Co., Ltd., Ningbo, China). All slides
were then ground into test tubes filled with 45 mL acetone solution (90%, v/v) mixed with 1 mL
magnesium carbonate solution (1 wt %). The tubes were stored in a cold (8 ◦C), dark area.
After 24 h, the supernatant was poured into a stoppered test tube and centrifuged (4000 rpm, 15 min).
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 (750 nm, 663 nm, 645 nm, and 630 nm) to calculate
the concentration of chlorophyll-a using an ultraviolet–visible spectrophotometer (Labtech UV-2000,
Labtech Co., Ltd., Beijing, China). The fouling removal rate based on benthic diatom adhesion to
the coating samples was calculated by the formula in Equation (3), where Wr, Ww, and R represent
the concentration of chlorophyll-a for rinsed samples, the concentration of chlorophyll-a for washed
samples, and the removal rate of the coating, respectively:

R =
Wr − Ww

Wr
× 100% (3)

3. Results and Discussion

3.1. Surface Properties of the Coatings

Determining the water contact angles and surface free energies can provide essential information
on the surface properties of the coatings. Table 2 showed the contact angle results and calculated
surface free energies of the coatings. As observed from Table 2, the water contact angles increased
with the increase of the PSO content and viscosity. Meanwhile, PSO incorporated into the coatings also
decreased the surface free energies of the coatings, which were calculated by the Owens two-liquid
method. However, unlike the change in water contact angle, the effect of low viscosity PSO on
the reduction of the surface free energies was more obvious. In terms of the functional group,
the hydrophobicity of the phenyl group is better than that of the methyl group. Therefore, the
addition of PSO enhanced the hydrophobicity of the coatings. Results also revealed the change of the
chemical composition of the coatings with the incorporation of PSO. The more phenyl groups in the
coating, the stronger the hydrophobicity of the coating. The FTIR results (Figure 1) also revealed that
the strength of the featured absorption peaks of the phenyl group in coatings increased by increasing
the viscosity of the PSO, indicating that the increase in the water contact angle (the featured absorption
peak at 725 cm−1 was interfered by the featured absorption peak of Si–CH3 at 790 cm−1). Related
studies also showed that the surface free energies of the PSO (7–100 mm2/s) were about 22.2 to
24.1 mJ/m2 [30]. Thus, low-viscosity PSO could significantly reduce the surface free energies of
the coatings.
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Table 2. The contact angle and surface free energies of coating samples (±SEM (standard error of the
mean), n = 6).

Sample
Contact Angle (◦)

Surface Free Energy (mJ/m2)
Water Diiodomethane

A 107.1 ± 0.31 65.4 ± 0.11 25.8 ± 0.41
A30-5 113.9 ± 0.23 73.4 ± 0.27 21.6 ± 0.22

A30-10 114.7 ± 0.17 74.3 ± 0.31 21.1 ± 0.18
A30-15 115.3 ± 0.08 75.3 ± 0.28 20.6 ± 0.33
A30-20 116.0 ± 0.22 76.5 ± 0.21 19.9 ± 0.28
A75-20 116.9 ± 0.15 72.1 ± 0.21 22.9 ± 0.19

A100-20 118.5 ± 0.44 70.7 ± 0.33 24.2 ± 0.38Coatings 2018, 8, x FOR PEER REVIEW  6 of 12 

 

   

(a) (b) (c) 

Figure 1. FTIR spectra of the phenyl group in coating samples: (a) the stretching vibration peaks of 
=C–H in the phenyl group at 3072 and 3055 cm−1; (b) the out of plane bending vibration peaks of  
=C–H in the phenyl group at 725 and 694 cm−1; (c) the stretching vibration peaks of C=C in the phenyl 
group at 1591 and 1488 cm−1. 

3.2. Mechanical Properties of the Coatings 

Through the tensile test, the mechanical properties of the coatings were evaluated. The fitting 
elastic modulus and the measured shore hardness were presented in Figure 2. Experimental 
determination showed that the elastic modulus and the shore hardness decreased with the increase 
of the PSO content. For the coatings with different viscosity of the PSO, these properties were 
basically the same. The tensile curve of the sample was also shown in Figure 3. The tensile curve of 
the coating with different viscosity of the PSO was basically coincident under the same additive 
amount. By increasing the content of the PSO, the stress of the coating decreased at the same strain. 
This result was in agreement with the results of Truby’s [25]. In order to analyze the reason causing 
the decrease of the mechanical properties of the coating, crosslink density of the coating was 
measured. Crosslink density defined as the moles of effective network chain per cubic centimeter 
[29]. For the polymer, the crosslink density of the polymer is an important parameter affecting the 
mechanical properties of the polymer. Polymer with high crosslink density has better mechanical 
properties. Generally, it can be expressed by the number average molecular weight between two 
adjacent crosslinks (Mc). And a larger value of Mc indicated a lower crosslink density of the polymer 
[31,32]. For this experiment, the Mc value of the coating was shown in Table 3. It was indicated that 
the value of Mc increased with the increase of the PSO content, revealing the decrease of the crosslink 
density. The results also showed that the changing of the PSO viscosity did not change the crosslink 
density of the coatings. Non-reactive PSO was stored in the gap between the molecular chains of the 
coating, reducing the density of the polymer network chain. Therefore, the crosslink density of the 
coating was decreased. In general, the PSO with low molecular weight and high additive amount 
could have a more pronounced effect. The relative molecular mass of the PSO was shown in Table 1. 
Although three kinds of the PSO have different relative molecular weight, yet the difference of the 
relative molecular weight between the PSO could be ignored compared with the relative molecular 
weight of PDMS resin. Therefore, the viscosity of the PSO had little effect on the mechanical 
properties of the coatings, while the effect of the PSO content on the mechanical properties was more 
obvious. With the increase of the PSO content, the crosslink density of the coatings decreased, causing 
the decrease of the mechanical properties. 

Table 3. The Mc value of samples. (±SEM n = 6). 

Sample A A30-5 A30-10 A30-15 A30-20 A75-20 A100-20 
Mc 11,728 ± 246 19,840 ± 374 22,495 ± 277 24,336 ± 406 32,799 ± 178 32,710 ± 323 32,706 ± 301 

Figure 1. Fourier transform infrared (FTIR) spectra of the phenyl group in coating samples: (a) the
stretching vibration peaks of =C–H in the phenyl group at 3072 and 3055 cm−1; (b) the out-of-plane
bending vibration peaks of =C–H in the phenyl group at 725 and 694 cm−1; (c) the stretching vibration
peaks of C=C in the phenyl group at 1591 and 1488 cm−1.

3.2. Mechanical Properties of the Coatings

The mechanical properties of the coatings were evaluated via tensile test. The fitting elastic
modulus and the measured shore hardness are presented in Figure 2. Experimental determination
showed that the elastic modulus and the shore hardness decreased with the increase of the PSO
content. For the coatings with different viscosity of the PSO, these properties were basically the same.
The tensile curve of the sample is also shown in Figure 3. The tensile curves of the coatings with
different viscosities of PSO were basically coincident under the same additive amount. By increasing
the content of the PSO, the stress of the coating decreased at the same strain. This result was in
agreement with the results of Truby [25]. In order to analyze the reason for the decrease of the
mechanical properties of the coating, the crosslink density of the coating was measured. Crosslink
density is defined as the moles of effective network chain per cubic centimeter [29]. The crosslink
density of a polymer is an important parameter affecting its mechanical properties. Polymer with
high crosslink density has better mechanical properties. Generally, it can be expressed by the number
average molecular weight between two adjacent crosslinks (MC), and a larger value of MC indicates a
lower polymer crosslink density [31,32]. For this experiment, the MC value of the coating is shown in
Table 3. It is indicated that the value of MC increased with the increase of the PSO content, revealing
the decrease of the crosslink density. The results also showed that the changing of the PSO viscosity
did not change the crosslink density of the coatings. Non-reactive PSO was stored in the gap between
the molecular chains of the coating, reducing the density of the polymer network chain. Therefore,
the crosslink density of the coating was decreased. In general, the PSO with low molecular weight
and high additive amount could have a more pronounced effect. The relative molecular mass of the
PSO is shown in Table 1. Although the three kinds of PSO had different relative molecular weights,
the difference of the relative molecular weight between the PSOs could be ignored compared with the
relative molecular weight of the PDMS resin. Therefore, the viscosity of the PSO had little effect on the
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mechanical properties of the coatings, while the effect of the PSO content on the mechanical properties
was more obvious. With the increase of the PSO content, the crosslink density of the coatings decreased,
causing the decrease of the mechanical properties.
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Figure 3. The tensile stress of samples (a) with different phenylmethylsilicone oil (PSO) viscosities and
(b) with different additive amounts of PSO (Si-100).

Table 3. The MC value of samples. (±SEM, n = 6).

Sample A A30-5 A30-10 A30-15 A30-20 A75-20 A100-20

MC 11,728 ± 246 19,840 ± 374 22,495 ± 277 24,336 ± 406 32,799 ± 178 32,710 ± 323 32,706 ± 301

3.3. Leaching Observation of PSO

Samples with dimensions of 150 mm × 150 mm × 2 mm were used to observe the leaching of the
PSO. The morphology of the sample is shown in Figures 4 and 5 with 1 day and 30 days of exposure.
After 1 day of exposure, no PSO was leached on the coating surface. With the extension of exposure
time, PSO was gradually leached. It was also shown that the coating incorporating high viscosity
and high additive amount of the PSO leached more PSO in the same amount of time. The leaching
percent–time curve is shown in Figure 6. It basically follows the Higuchi diffusion equation (Figure 6c).
By fitting the curve, the time needed for the complete leaching of the PSO could be simulated (Table 4).
Although the increase of the PSO content resulted in the increase in the leaching amount of the PSO
from the coatings at the same elapsed time, it also showed that the leaching percent of the PSO
decreased with increasing PSO content. Coatings with low-viscosity PSO had a longer release time.
For the coating A30-20, the time required for the complete leaching of the PSO exceeded 5890 days.
In contrast, the coating of A100-5 released all the PSO in only 350 days.
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Table 4. The estimated time for leaching PSO completely.

Sample A30-5 A30-10 A30-15 A30-20 A75-5 A100-5

Time (day) 2250 3810 5000 5890 760 350

Studies [5,20–22] on the incorporation of silicone oil into the fouling release coatings show that
the reason for the leaching behavior of silicone oil from the coatings was the compatibility difference
between silicone oil and the coatings, and note that compatibility should be characterized by a
reasonable parameter. The leaching phenomenon can be considered as the phase separation of silicone
oil and the coatings. Correspondingly, the Flory–Huggins interaction parameter (χ) between the
coating A and the PSO is shown in Table 5. With the increase of the PSO viscosity, the value of χ
increased. The high viscosity of the PSO contained more phenyl groups (Figure 1). This would lead to
the increase in the molecular structure difference between the coating and the PSO. Therefore, with the
increase of the PSO viscosity, the compatibility between the PSO and the coating decreased, causing
more obvious leaching behavior of the PSO from the coatings. In addition, with the increase of the
PSO content, the crosslink density of the coating decreased. The decrease of the crosslink density
caused the decrease of the resistance to PSO leaching. Therefore, the PSO from the coatings with low
crosslink density could be leached easily. This revealed that the leaching amount of the PSO was
affected by the Flory–Huggins interaction parameter (χ) between the coating and the PSO, as well
as the crosslink density of the coating. Although the leaching amount of the PSO at the same time
increased, the increase of the PSO content eventually resulted in the decrease of the PSO leaching
percent at the same time.

Table 5. Flory–Huggins interaction parameter between samples and PSO. (±SEM, n = 6).

Materials Si-30 Si-75 Si-100

χ 1.037 ± 0.0297 1.434 ± 0.0266 1.779 ± 0.0177

3.4. Benthic Diatom Adhesion Tests

The antifouling performance of the coatings was examined by conducting benthic diatom adhesion
tests, and the results on the coating samples in the stage without leached PSO are shown in Table 6.
The coatings incorporated with high-viscosity PSO had lower chlorophyll-a concentration, suggesting
low levels of benthic diatom adhesion and high levels of the antifouling property. With the increase
of the PSO content, the fouling removal rate of the coating increased. For the fouling release coating
based on PDMS, the coating with high hydrophobicity showed a good ability to inhibit the adhesion
of fouling organisms [1,3]. In addition, the low elastic modulus could effectively reduce the energy
consumption required for the removal of fouling organisms, increasing the fouling removal rate of the
coating [8]. The effect of the incorporation of PSO on the hydrophobicity and the elastic modulus of
the coating was analyzed as above. Accordingly, the improvement of the antifouling performance of
the coating could also be demonstrated by benthic diatom adhesion tests. The coating with high PSO
content exhibited better hydrophobicity and lower elastic modulus, reducing the adhesion amount of
benthic diatoms and increasing the fouling removal rate. Therefore, the corresponding antifouling
performance was enhanced.

Subsequently, the antifouling performance of the coatings in the stage with leached PSO was also
examined. The pretreatment ensured that there was no leached PSO on the surface of experimental
samples. However, the leaching of the PSO was a continuous process, and PSO could still be released
in fresh benthic diatom suspension. The experimental results are shown in Table 7. Comparison of
Tables 6 and 7 indicated that the concentration of chlorophyll-a for rinsed samples in the different
stages were basically the same; however, the concentration of chlorophyll-a for washed samples in the
stage with the leached PSO decreased obviously, meaning better antifouling performance. Further,
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the removal rate of samples in the stage with the leached PSO generally increased, and the values of
some samples exceeded 90%. With the leaching of the PSO, the removal of fouling organisms was
not only dependent on the elastic modulus of the coatings. The leaching PSO formed continuous
oil films to block the adhesion of the benthic diatom to samples, or reduced the adhesion strength
between the benthic diatom and the sample surface [22,23]. After washing, most of the benthic diatoms
were removed. Section 3.3 showed that the coating with high PSO viscosity and high PSO content
could leach more PSO in the same time, while it also showed that the coatings with high leached PSO
could exhibit high levels of the removal rate. Therefore, benthic diatom adhesion tests of the coating
indicated that the enhancement of the coating hydrophobicity effectively inhibited the adhesion of
fouling organisms. In addition, the decrease of the elastic modulus of the coating as well as the
PSO leached onto the coating surface increased the removal rate of the coating. The cause of this
phenomenon was due to the incorporation of PSO.

Table 6. Experimental results of the benthic diatom adhesion test on the stage of no leaching of PSO.
(±SEM, n = 3).

Sample A A30-5 A75-5 A100-5 A100-10 A100-15 A100-20

Concentration of
chlorophyll-a for rinsed

samples (mg/m2)
1735 ± 56 1567 ± 27 1445 ± 19 1375 ± 28 830 ± 23 719 ± 31 460 ± 12

Concentration of
chlorophyll-a for washed

samples (mg/m2)
747 ± 27 622 ± 42 565 ± 32 534 ± 28 273 ± 33 197 ± 40 106 ± 20

Fouling removal rate (%) 56.5 ± 4.71 60.3 ± 3.89 61.7 ± 2.77 60.9 ± 4.14 67.1 ± 1.80 72.6 ± 2.97 76.7 ± 4.36

Table 7. Experimental results of the benthic diatom adhesion test on the stage of leaching of PSO.
(±SEM, n = 3).

Sample A A30-5 A75-5 A100-5 A100-10 A100-15 A100-20

Concentration of
chlorophyll-a for rinsed

samples (mg/m2)
1774 ± 48 1615 ± 37 1485 ± 22 1365 ± 42 847 ± 33 707 ± 12 471 ± 22

Concentration of
chlorophyll-a for washed

samples (mg/m2)
786 ± 41 326 ± 19 293 ± 43 205 ± 27 115 ± 19 66 ± 25 37 ± 15

Fouling removal rate (%) 55.7 ± 3.21 79.8 ± 3.11 80.3 ± 2.16 85.0 ± 5.10 86.4 ± 3.67 90.7 ± 2.77 92.1 ± 3.21

4. Conclusions

This research investigated the influence of PSO with different viscosity and content on the
antifouling performance of fouling release coatings based on PDMS. With the incorporation of
PSO, the hydrophobicity of the coating was enhanced, and the mechanical properties of the coating,
especially the elastic modulus, decreased. The leaching behavior of the PSO also indicated that the PSO
with high viscosity and large content was more easily leached. By fitting the leaching percent–time
curve of PSO, the leaching cycle of PSO could be correctly predicted. Due to the incorporation of PSO,
the change of the above properties improved the antifouling performance of the coating. Therefore,
the coating showed a low adhesion of the benthic diatom. The higher viscosity and the greater the
content of PSO incorporated in the coating, the better the antifouling performance of the coating.
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