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In this paper, an antifouling hydrogel coating of slippery hydrogel-released hydrous surface (SHRHS) with
the self-cleaning ability of oil-resistance and self-regeneration characters was designed. A physical blend-
ing method of loading Sodium polyacrylate (PAAS) powder into the organic silicon resin was employed to
prepare the SHRHS coating. The oil-resistance of the intact and scratch SHRHS coatings was performed by
time-sequence images of washing dyed beef tallow stain away. The results showed that the SHRHS coat-
ing has the greater ability of stain removal. The concentration of Na+ ions released from PAAS hydrogel on
the surface of the SHRHS coating was investigated by ion chromatograph (IC). The results revealed that
the coating had the ability of self-regeneration by PAAS hydrogel continuously peeling. The biomass of
two marine microalgae species, Nitzschia closterium f. minutissima and Navicula climacospheniae Booth
attached on the SHRHS was investigated using UV–Visible Spectrophotometer (UV) and Scanning elec-
tron microscopy (SEM). The results showed that the microalgaes attached a significantly lower numbers
on the SHRHS in comparison with the organic silicon coating. In order to confirm the antifouling ability of
the SHRHS coating, the field trials were carried out for 12 weeks. It showed that the SHRHS may provide
an effective attachment resistance to reduce biofouling.

� 2014 Published by Elsevier Inc.
1. Introduction

Marine biofouling (AF) can be defined as an undesirable accu-
mulation of bacteria, microalgae, diatoms and invertebrates
grown on all kinds of submerged facilities. It has always plagued
both commercial and naval fleets [1]. For instance, it increases the
surface roughness and the weight resulting to the reduction of
the speed and maneuverability. It leads to the more frequently
dry-docking cleaning [2] and higher fuel consumption [3,4]. And
it also introduces invasive species into environments result to
ecological damage [5], etc. Marine biofouling takes place on
immersed surfaces as a result of several successive steps, from
the formation of a conditioning film, following by the macroalgae,
fungi, protozoa to the last invertebrate larvae attachment [6]. In
this complex process, it is also generally accepted that a lot of
physical–chemical factors of a submerged surface influencing on
biofouling, such as surface tension and energy [7], wettability
[8], elastic modulus [9], surface chemistry [10], surface roughness,
and topography [11]. Bio-inspired self-cleaning from biology has
recently provided new insights into designing a high-efficient
and non-toxic antifouling coating [12]. In nature, fish’s antifouling
and self-cleaning capability has been attributed to epidermal
mucus, which could render the attachment of fouling spores
difficulty or promote the removal of epibionts [13–15]. The low
surface energy feature of the self-cleaning surfaces may minimize
the intermolecular forces between foulants and the surface so
that the foulants are removed by low hydrodynamic shear forces,
displaying antifouling property [16,17]. Hydrogel have been
actively investigated as antifouling coating material due to its
soft, contains much water reducing effective attached area and
low surface energy just like fish epidermal mucus [18]. Jian Ping
Gong et al. [19] reported that one of the key factors of hydrogel
antifouling performance was a low elastic modulus. More
recently, researchers [20–22] successfully developed many new
kinds of cross-linked polymer hydrogels for effective marine anti-
fouling. In addition, Lei Jiang et al. [23] prepared hydrogel with
hierarchical surfaces displaying superoleophobicity, which
showed the possibility for antifouling application. Obviously,
hydrogel is a potential marine antifouling material.
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However, developing absolute hydrogel coatings seems extre-
mely difficult, if not totally impossible, due to its poor adhesion
strength to substrate. In this paper, a hydrogel antifouling coating
of slippery hydrogel-released hydrous surface (SHRHS) was pre-
pared by loading Sodium polyacrylate (PAAS) powders into organic
silicon resin. The SHRHS coating had the adhesion strength ap-
proach to the silicon coating being suitable for application. PAAS
acted as an interesting new approach to be a barrier or a lubricant
to prevent adhesions from attaching in surgery recently [24]. Sim-
ilarly, for the SHRHS coating, PAAS could trap water and swell to be
a hydrogel layer on its surface as a flowing water film to prevent
marine organisms from attaching under marine. Simultaneously,
the outside hydrolyzed hydrogel layer could be washed away. In
this self-regeneration process, the resident organisms would be
carried off. Moreover, the self-cleaning property and antifouling
performance were systematically investigated for the SHRHS coat-
ing. This paper mainly studies on the self-cleaning property of dyed
oil stain providing by the PAAS of the SHRHS coating. Thus, the
SHRHS coated surface is a desirable way to prevent marine micro-
algae attached. More important, such a coating has an impressive
antifouling performance in marine. In this paper, we mainly prove
our concept and correlate the antifouling ability of such a surface
with the PAAS hydrogel.
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2. Experimental

2.1. Materials and apparatuses

PAAS used was commercial purity, Liaocheng Fengmin Water
Purification Materials Co., Ltd., Shandong province, china, which
had a molecular weight of 2000 g mol�1 and 70 lm particle size.

The microalgae attached specimens were sprayed into a liquid
Nitrogen bath cooled down to about �100 �C resulting in frozen
and the cells maintained original morphology. These frozen speci-
mens were transferred to stainless steel tray and were then freeze-
dried at about �45 �C in 40 Pa for 48 h. To examine under a SEM
microscope, coatings were dried for 1 h at 80 �C, and then sput-
tered with �10 nm of gold. SEM images of the coating were ac-
quired using a FEI Quanta 200 SEM (FEI CORPORATION,
Netherlands) and an acceleration voltage of 15 kV.
M

Scheme 1. The changing stage of PAAS in artificial sea water. M2+ is metallic ion
such as Ca2+ and Mg2+.
2.2. Coating preparation

The SHRHS coating was designed on the basis of three criteria:
(1) hydrogel can be released continuously, (2) it must maintain the
stability of trapped water in marine and provide immediate self-
regeneration, (3) its adhesion strength approach to the organic sil-
icon coating. The SHRHS coating was formulated by adding the
modified PAAS particles into a silicon resin. And the PAAS particles
sonicated for at least 2 h being wetted by fluorine-silicon disper-
sant to prevent agglomeration beforehand. The final formulations
were sprayed on sandblasted Medium Carbon Steel planet. Due
to making adhesion strength decreased, seen in Table 1, PAAS pow-
der was loaded 5 wt%, 10 wt% and 15 wt% into the silicon resin,
named the SHRHS5, the SHRHS10 and the SHRHS15, respectively.
The test was according to the standard method of pull-off test of
organic coating (ASTM D 4541).
Table 1
Mean adhesion strength of the SHRHS coatings on various PAAS powder content.

Sample SHRHS5 SHRHS10 SHRHS15 SHRHS20 SHRHS25

PAAS content 5 wt% 10 wt% 15 wt% 20 wt% 25 wt%
Adhesion strength

(KN/mm2)
2500 2500 2450 1950 1600
2.3. Characterization

2.3.1. Na+ concentration
The SHRHS samples of different PAAS concentration had been

immersed to deionized water (100 mL) for 40 d. After every 4 d
immersion, immersed solution was collected for Na+ concentration
([Na+]) testing, and the fresh deionized water was replaced. An ion
chromatograph (LC-20A HIC-NP, Shimadzu Corp. Japan), was used
for analysis of [Na+]. A cation separation column (IonPac AS12A,
Dionex, USA) with a guard column (IonPac SCG 1, Dionex, USA)
was used for [Na+] analysis. Standard solution of Na+ was
1000 mg/L, which is provided by Research Center of Reference
Material, China. Methane sulfonic Acid as drip washing liquid
was selected with the concentration being 10 mmol/L and the flow
rate is 1.5 mL/min.

2.3.2. Observation experiment
The samples were immersed in the artificial sea water for six

months. The surface morphology of SHRHS coating was observed
and recorded every week by optical camera. The self-cleaning per-
formance of the SHRHS and the silicon coating was investigated by
observing the path of beef tallow drop cleaned on the surface of the
samples in water flow washing. The coated samples were heated to
80 �C and the beef tallow was dyed beforehand. Time-sequence
images were measured at least 20 s.
2.3.3. Antifouling performance
2.3.3.1. Biomass adhesion. Two typical benthic marine microalgae,
Nitzschia closterium f. minutissima and Navicula climacospheniae
Booth, were originally obtained from the Marine National Key
Laboratory Center for Collections of Marine Bacteria and
Fig. 1. The changing of the released [Na+] of the SHRHS coating with time. Data
points are mean ± SE (n = 6).
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Fig. 2. Surface morphology of the SHRHS coating after immersion in artificial sea water (a) SHRHS5, (b) SHRHS10, (c) SHRHS15.
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Fig. 3. Time-sequence images comparing oil-resistance of dyed beef tallow drop on a SHRHS and the silicon coating. Tallow is whirled away on the SHRHS, but it wets and
stains the traditional silicon coating surface. And (a) the SHRHS, (b) the silicon resin coating.
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Phytoplank to Xiamen University (CCMBP), Pearl River Estuary,
China. For each algal species examined, 10 mL of stock culture
was transferred under sterile conditions to each 2 L Erlenmeyer
flask, each containing 1 L sterile artificial seawater (As �0.5 lg L�1)
with Guillard’s f/2 nutrient media. 5000 units of each penicillin and
streptomycin antibacterial mixture were added to each flask prior
to seeding with a volume of inoculum containing 100 cells of
microalgae. The two species were maintained in growth cabinets
at 20 ± 1 �C, a 14:10 h light/dark (L/D) cycle of fluorescent lights
at 2000 lux and gently stirred twice daily.
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Fig. 4. Time-sequence images comparing oil-resistance of dyed beef tallow drop on a SH
pinned at the damage site on the silicon coating. And (a) the SHRHS, (b) the silicon resi
The microalgae cells adhesion on the surface of the coatings was
determined by cell concentration counting on a sample with a
known dilution factor using a cell count chamber hemocytometer
(Fisher USA) and an optical microscope (Fisher USA). The cell
concentration was correlated to the optical densities at 680 nm
(OD680) of the microalgae samples. The microalgae solution
was measured using a UV-2550-Visible Spectrophotometer
(SHIMADZU Corporation, Japan). The microalgae solution sample
was diluted with deionized water to an OD680 range of 106,
5 � 105, 105, 5 � 104, 104, 5 � 103 and 103 cells/mL. Conversions
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RHS and the silicon coating. Tallow is whirled away on the SHRHS, but remains be
n coating.
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Scheme 2. Schematic illustration of underwater self-cleaning mechanism of the
SHRHS (a) provides a smooth and much water slippery surface. The trapped water is
retained by the hydrogel surface, leading to render the attachment difficulty, (b)
provides a self-regeneration character, the resident organisms can be carried off
with hydrogel peeling.
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of OD680 to cell concentration were performed based on linear
fitting equations.
2.3.3.2. Field trials. The field trials were carried out at Longkou port
(east longitude 120�130–120�440, north latitude 37�270–37�470), the
Bohai sea, China. All the samples were held on a PMMA frame.
There were six samples exposed, three organic silicon coatings
10 m 
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Fig. 5. SEM images of the miroalgae morphology on (a) Nitzschia closterium f. cells
climacospheniae Booth on silicon matrix. (d) Navicula climacospheniae Booth on the SH
and three SHRHS10 group coatings. They were arranged in a coated
steel-square formation. The exposed area of sample was
160 � 400 mm. The rack was suspended in a vertical orientation
to a depth of 1.5 m under the sea. The trial began in July 2012
and was run for a period of 12 weeks.
3. Results and discussion

3.1. Self-regeneration

Sodium polyacrylate (PAAS), (–CH2–CH(CO2Na)–)n, a strong
hydrophilic polymer, is able to absorb a volume of water several
hundred times its own volume. After being immersed in seawater,
there are two chemical changing processes taking place for the re-
leased PAAS on the surface of the SHRHS coating, shown in
Scheme 1. Firstly, it electrolyzes to be (–CH2–CH(COO�)–)n and
Na+ instantaneously just at the moment of contact with water. Sec-
ondly, the polymer chain (–CH2–CH(COO�)–)n strongly chelates
with ions (M2+) in the seawater forming flocculation, which is easy
to peel from the surface of the SHRHS coating resulting to self-
regeneration of the coating.

To test the self-generating ability of the hydrogel coating in sta-
tic water, which is more important than hydrodynamic water for
an antifouling surface, the released [Na+] of PAAS hydrogel in the
first stage was investigated (shown in Scheme 1). Fig. 1 is the curve
of released [Na+] of the SHRHS coatings changing with time. It is
observed that the data of the SHRHS5 and SHRHS10 coatings de-
crease in the early days, and then starts to fluctuate in small range
from 3.8 lg/cm2 to 4.3 lg/cm2 for the SHRHS5 coating, 5.3 lg/cm2

to 6.1 lg/cm2 for the SHRHS10 coating in the following 32 d. Note
that there is a simultaneous examination of the dissolution and the
self-peeling of the released hydrogel layer from the coating. For the
SHRHS15 coating, [Na+] decreases rapidly in the whole testing
time. It indicates that lots of defects exist in the coating due to
excessive PAAS powders, as can be seen in Fig. 2, which results
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on silicon matrix. (b) Nitzschia closterium f. cells on the SHRHS10. (c) Navicula
RHS10.
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Fig. 6. Nitzschia closterium f. cells settlement data on the surface of the coatings represented as mean cell density (cell/cm2) ± SE (n = 6). All surfaces were tested with a single
batch of cells. The data include the direct attached cells on the samples and subtract removal of cells after water jet treatment (60 kPa). The aim of comparison of the two data
is to show the self-cleaning property of the SHRHS.
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to the initial burst release. Thus, in this case, 10% of PAAS powder is
a suitable content in the matrix.
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Fig. 7. Navicula climacospheniae Booth cells settlement data on the surface of the
coatings represented as mean cell density (cell/cm2) ± SE (n = 6). All surfaces were
tested with a single batch of cells. The data include the direct attached cells on the
samples and subtract removal of cells after water jet treatment (80 kPa). The aim of
the two data comparison is to show the self-cleaning property of the SHRHS.
3.2. Self-cleaning property

Self-cleaning test for the SHRHS coating was carried out by the
oil-resistance on the coating tilted at sliding angle 30� and ob-
served good self-cleaning ability by high-speed camera imaging
(Fig. 3). The water current whirled away the whole dyed oil stain
in its path while washing for hydrogel coating. There is no consis-
tent conclusion on the effect of substratum surface energy and
microorganism attachment. However, it is accepted widely that
the modification of surface properties to obtain a more hydrophilic
and oil-resistant surface can decrease the adhesion of microorgan-
isms. Even more impressively, the self-regeneration ability of the
SHRHS coating also observed as a one to rapidly restore the hydro-
gel layer following its damage from surface with a 250 ms time
(shown in Fig. 4).

Therefore, it is proposed that the self-cleaning ability of the
SHRHS coating resulted from a synergetic effect of oil-resistance
and periodic self-regeneration (Scheme 2). The hydrophilic macro-
molecule chains of PAAS hydrogel can trap water molecules and
the surface of the SHRHS10 coating is just like a water film. It is
the main reason for the resistance to organisms in water, shown
in Scheme 2a. Moreover, the periodic self-regeneration can further
achieve the aim of antifouling. This effect is caused by hydrophilic
macromolecule chains of PAAS hydrogel slowly hydrolysis and be
peeled off into water. In this process, the resident organisms in
gradual accumulation can be carried off from the surface of the
SHRHS coating by shearing force of sea water (Scheme 2b).
Fig. 8. Biofouling morphology on (a) the silicon resin coating, (b) the SHRHS,
inspection after 12 weeks of immersing in marine, start from August 2012.
3.3. Antifouling performance

The marine microalgae presence on the paints can be observed
in the first week and a differentiation between the SHRHS10 and
the silicon coating can be performed after 5 weeks. Fig. 5 presents
the microalgae morphology SEM micrographs attached on the sur-
face of the two coatings. For the silicon coating, there are lots of the
microalgas connected with their neighboring at their lateral ends,
which forms integral and thick biofilm. Contrariwise, the SHRHS10
coating is covered only by few and single microalgas.

The biomass composed of microalgae is shown in Figs. 6 and 7.
More microalgas settles on surface of the silicon coating with the
cell density of 2.76 � 104 cells/cm2 of Nitzschia closterium f., and
7.4 � 104 cells/cm2 of Navicula climacospheniae Booth
microalgas. In contrast, significantly fewer settled microalgas pre-
sents on the surface of the SHRHS10 with the cell density of
0.041 � 104 cells/cm2 of Nitzschia closterium f., and 3.8 � 104

cells/cm2 of Navicula climacospheniae Booth microalgas. The
removal data reflects the percentage of loss adhesion cells. Fewer
cells remained on the SHRHS10 than on silicon coating after
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water jet treatment. These results show the SHRHS10 coating has
excellent self-cleaning performance, which confirms previous
studies of Figs. 3 and 4.

To confirm the antifouling performance of the SHRHS10 coating,
field trails were carried out in the marine environment for
12 weeks from August 2012, demonstrated in Fig. 8. As can been
seen, blue mussel and barnacle in the length at least 2 cm domi-
nated the organic silicon coating accounting for more than 90%
of the fouling mass, whereas few barnacle settled down on the
SHRHS10 coating in less than 1 cm length. It is demonstrated that
the SHRHS coating may provide an effective attachment resistance
to reduce biofouling or to increase the ease of foulants removal,
which shows excellent antifouling performance.
4. Conclusion

In this study, adding PAAS into the organic silicon coating is put
forth as an effective method to prepare the SHRHS coating which
preserves the bonding strength to substrate of the silicon matrix
for application. The role of PAAS hydrogel of the SHRHS coating
can be explained by providing a higher self-cleaning ability of
the oily stain removal and self-regeneration abilities. Under this
premise, the comprehensive studies of the most important anti-
fouling performance were performed. The results showed that
the SHRHS coating attached in significantly lower number marine
organisms in comparison with the silicon coating. It can be con-
cluded that the SHRHS coating had an excellent antifouling
performance.
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