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of PFA/AgNO5 composites. Silver nanoparticles were formed in situ within PFA coating during the suspension
flame spraying. The successful construction of PFA/nano-Ag coatings was revealed by field-emission scanning
electron microscopy (FE-SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and con-
tact angle measurements, respectively. The additional silver nanoparticles play the significant role in regulating
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IS(E}S,&ZS;H flame spraying the sliding angle of the PFA-based coatings. The silver nanoparticles-loaded hydrophobic PFA coatings synergis-
Hydrophobicity tically inhibited the adhesion of bacteria, while only PFA coatings with lower content of silver display drag reduc-
Marine coatings tion property. The simple and cost-effective approach is of great promise in mass-production of antifoulant-
Antifouling loaded hydrophobic coatings on general substrates for potential antifouling and drag reduction applications.

Drag reduction
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1. Introduction

Antifouling and low drag surfaces are two key issues of marine vehi-
cles [1-3]. The settlement of marine fouling on the marine vehicles
causes drag-related speed loss and increased fuel consumption [4-9].
During the past decades numerous research efforts have been devoted
to investigating mechanism and application technologies of antifouling
and drag reduction [10-14]. However, only a few reports have been
published on the combine effect of antifouling and drag reduction [3,
15].

Recently, hydrophobic surfaces have drawn much attention as a new
route for antifouling and drag reduction. For instance, the antifouling
and drag reduction of hydrophobic surfaces in seawater was reviewed
by Ferrari et al. [ 16]. The rice leaf and butterfly wing effect have been re-
ported to develop novel hydrophobic surfaces for antifouling and drag
reduction applications, as reviewed by Bixler et al. [17]. Many process-
ing techniques have been attempted to fabricate hydrophobic surfaces
[18]. However, most of these strategies still have difficulty in mass-pro-
duction of hydrophobic surfaces. To overcome the aforementioned

* Corresponding authors.
E-mail addresses: chenxiuyong@nimte.ac.cn (X. Chen), lihua@nimte.ac.cn (H. Li).

http://dx.doi.org/10.1016/j.surfcoat.2017.08.049
0257-8972/© 2017 Elsevier B.V. All rights reserved.

limitations of bioinspired hydrophobic surfaces, previously, we success-
fully fabricated hydrophobic coatings by suspension thermal spray [19,
20]. This approach can be used to fabricate hydrophobic coatings on
general substrates with arbitrary shapes and sizes. To the best of our
knowledge, there is no report describing the suspension thermal
sprayed hydrophobic coatings for antifouling and drag reduction
simultaneously.

Except for hydrophobic surfaces, the incorporation of antifoulant
was also proved to be an efficient approach to impose antifouling prop-
erty on marine surfaces [21], leading to low drag surfaces. It is well
known that heavy metals, such as copper and silver, have strong anti-
fouling effect towards a broad range of marine fouling. The antifouling
mechanism of heavy metals was believed that metals ions adhered to
the cell walls of marine fouling organisms, causing disruption of the per-
meability and organism death [22].

We hypothesized that hydrophobic coatings with antifoulant-load-
ed could inhibit the adhesion of biofouling and possess good drag reduc-
tion properties simultaneously. To confirm the hypothesis, aluminum
substrates with polyfluoroalkoxy (PFA) coating and silver-loaded PFA
coating were fabricated by suspension flame spraying and the synerget-
ic effect of hydrophobicity and antifoulant of the PFA-based composite
coatings on the regulation of antifouling and drag reduction properties
were investigated.
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2. Experimental part

Aluminum plates (20 mm x 25 mm x 2.5 mm and 200 mm
% 300 mm x 11.2 mm) were employed as substrates. Polyfluoroalkoxy
with the size range of +30-100 um (PFA, Shenzhen Taotao Suhua Co.
Ltd., China) was used for facilitating the hydrophobicity. PFA-based
coatings were deposited by suspension flame spray (Wuhan Research
Institute of Materials Protection, China) [19]. In this study, silver was
chosen as a typical antifoulant, due to its strong antibacterial effect
[23-25]. For PFA-based suspension preparation, PFA powder with a
concentration of 5.0 wt% was added into ethanol solution and the sus-
pension with sliver nitrate (AgNOs, Aladdin Chemistry Co. Ltd., China)
concentration of 0 wt%, 1.0 wt% and 10.0 wt% were explored, respective-
ly. The as-sprayed coatings were designated as PFA coating, PFA/1%Ag
coating and PFA/10%Ag coating, respectively.

Field emission scanning electron microscopy (FESEM, FEI Quanta
FEG250, the Netherlands) was used for microstructure characterization
of the coatings. Phases of the samples were evaluated by X-ray diffrac-
tion (XRD, Bruker AXS, Germany). Chemical composition of the samples
was examined using Fourier transform infrared spectroscopy (FTIR,
model 6300, Bio-Rad Co. Ltd., USA). Water static contact angle (CA)
and sliding angle (SA) measurements were characterized using a
video-based optical system (Dataphysics OCA20, Germany) by measur-
ing five points for each sample. The water droplet size was 5 pL for CA
measurement and 15 L for SA measurement.

To investigate the release behavior of silver ions from the silver
nanoparticles-loaded PFA coatings, PFA/1%Ag coating and PFA/10%Ag
coating were immersed into a 6-well plate containing 7 mL sodium
chloride (NaCl) solution in each well at room temperature for 7 and

21 days. The cumulative release of silver was monitored using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES, PE Opti-
ma 2100DV, Perkin-Elmer, USA).

Gram-negative Escherichia coli (E. coli), which was extensively stud-
ied for marine environment [26-33], were employed as the simplified
model to evaluate the antifouling property of the samples in this
study. E. coli were cultured in LB media (1.0% of NaCl, 0.5% of yeast ex-
tract and 1.0% of tryptone) shaken at 37 °C for 24 h. The E. coli suspen-
sion with an initial concentration of 10° cells/mL was prepared in
artificial seawater (ASW). The samples were washed with ASW for
three times after incubated for 24 h. For FESEM observation, the samples
were fixed by 2.5% glutaraldehyde for 2 h and dehydrated by critical
point drying using a graded series of ethanol.

Drag reduction tests were performed in cavitation tunnel system
(China Ship Scientific Research Center, China). The flow velocity in
test section is adjustable between 0 and 25 m/s. The flow velocities
with 5, 8 and 11 m/s were chosen in this study. To comparatively inves-
tigate the influence of the coatings on drag, aluminum substrates, PFA
coatings, PFA/1%Ag coatings and PFA/10%Ag coatings were systemati-
cally performed. Drag coefficients (C¢) were calculated according to
the equation:

z

Cr=—"t
"7 050v2A

where Z is the resistance of the samples; p is the density of water; V is
the flow velocity in test section; and A is the projected area of the sam-
ples. Each measurement was performed for three times. Drag reduction

PFA coating

/

substrate

L*| PFA/1%Ag coating

o,

substrate

PFA/10%Ag coating

/

substrate

Fig. 1. FE-SEM images of (a) the PFA coating, (b) the PFA/1%Ag coating, and (c) the PFA/10%Ag coating. (-2 is enlarged view of selected area in -1, -3 is cross-sectional view of the coating).
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Fig. 2. XRD curves of (a) the aluminum substrate, (b) the PFA powder, (c) the PFA coating,
(d) the PFA/1%Ag coating, and (e) the PFA/10%Ag coating.

(DR) rates of the samples were calculated according to the equation:

DR (%) — Cuncoated ~Cooated 1

Cuncoated

where DR is the drag reduction rate; Cypcoated iS the drag coefficient of
the uncoated aluminum substrate; and Ceoateq is the drag coefficient of
the coated aluminum substrate.

3. Results and discussion

The PFA coatings with the thickness of ~80 pm show relatively
smooth topographical morphology and dense (Fig. 1). For PFA/1%Ag
coating, similar surface feature was observed compared to the PFA coat-
ing. Nevertheless, a few Ag nanoparticles were found within the PFA
coating (Fig. 1b-2). The loading of Ag nanoparticles within PFA coating
was achieved by decomposing of AgNOs during the process of suspen-
sion flame spraying at a relatively high temperature. This result is con-
sistent with the result reported in a previous study [34]. The surface of
PFA/10%Ag coating (Fig. 1c-1 and c-2) shows much rougher than
those of the PFA coating and the PFA/1%Ag coating. Furthermore, it is
noteworthy that the quantity and the size of the Ag nanoparticles with-
in the PFA/10%Ag coating was significantly increased (Fig. 1c-2). This
phenomenon could be attributed to the high content of silver in the
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Fig. 3. FTIR spectra of (a) the PFA powder, (b) the PFA coating, (c) the PFA/1%Ag coating,
and (d) the PFA/10%Ag coating.
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Fig. 4. Water contact angle and sliding angle of the samples.

starting suspension. The result suggests that the PFA/nano-Ag coatings
were successfully fabricated.

XRD characterization (Fig. 2) of the overall coatings exhibits the
major component as Al due to the relatively thin thickness of the coat-
ings in this study. The PFA coating displays a major component as PFA,
indicating the unique advantages of better control over the chemistry
of the PFA powder during the suspension flame spraying. The peaks at
38.1°,44.3°,64.5°,77.5° and 81.5° corresponding to the individual crys-
tallographic indices (111), (200), (220) and (311) of the Ag nanoparti-
cles [35] were observed in the XRD pattern of the PFA/1%Ag coating and
the PFA/10%Ag coating. The result is consistent with that of SEM as men-
tioned above (Fig. 1). The result indicates the successful fabrication of
the silver nanoparticles-loaded PFA coatings with well retained struc-
ture of PFA.

FTIR measurement was performed to further confirm the successful
fabrication of the PFA-based coatings (Fig. 3). The overall coatings show
almost the same peaks with those of the starting PFA powder. The peak
at 1176 cm™ ! represents the stretching vibration of the C—F present in
PFA molecule. The peak at 2365 cm™ ! is assigned to the combination
peak of the two modes associated with the CF, backbone. The broad IR
peaks located at 2800-2900 cm ™! and 2900-3000 cm™ ' refer to the
—CH symmetric and asymmetric stretching of the aliphatic groups in
PFA molecule. The peaks at 1288 cm™ ' and 1176 cm™! are ascribed to
stretching vibration of C—0—C [36]. The result once again suggested
that the PFA-based coatings were successfully fabricated.

Wettability assessment (Fig. 4) shows hydrophilic characteristics of
the aluminum substrates with the CA of ~84°. After the further deposi-
tion of the PFA alone by suspension flame spraying on the aluminum
substrates, the substrates exhibit the feature of hydrophobicity with
the CAof ~121° and SA of ~28°. This is likely due to the hydrophobic na-
ture of the PFA [37-40]. It is noted that the CA slightly increased from
121° to 123° after the silver nanoparticles loaded. In addition, the PFA/
1%Ag coatings show a SA of ~23°, more slippery than PFA coatings. Syn-
ergistic effect of the PFA and the silver nanoparticles is suggested for the
lower SA. It is believed that apart from surface chemistry, surface rough-
ness plays important roles in accomplishing the hydrophobicity [41].
The PFA/10%Ag coatings display excellent hydrophobic property with
the CA of ~135°. Surprisingly, the SA of the PFA/10%Ag coatings signifi-
cantly increased, with the SA of ~33°. This might be due to the fact that

Table 1

Cumulative release of silver from different samples (mg/L).
Samples 7 days 21 days
PFA/1%Ag coating / 0.05
PFA/10%Ag coating / 5

: below the detection limit.

~
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the structures such as that shown in Fig. 1c cannot trap sufficient air in
the structure for low sliding angles [42].

Sustained release of antifoulant from the coatings is of particular im-
portance for their long-term marine antifouling applications. Table 1
shows the cumulative release of silver from the samples after immer-
sion in NaCl solution for 7 and 21 days, respectively. The concentration
of silver ions released from both the PFA/1%Ag coatings and the PFA/
10%Ag coatings is below the detection limit after 7 days of immersion.
The phenomenon could be interpreted that the releasing rate of silver
ions was inhibited by the PFA molecules due to its hydrophobic nature.
Significant amount of silver ions were detected after 21 days immersion
at the level of 0.05 mg/L and 5 mg/L for the PFA/1%Ag coatings and PFA/
10%Ag coatings, respectively. The result implies that the approach pre-
sents here has potential applications for the development of PFA-
based control release coatings with long-term antifouling property.

After 24 h incubation in ASW, the aluminum substrates and the PFA
coatings exhibit clear adhesion of E. coli (Fig. 5a and b). The presence of

PFA coating reduces the affinity of the bacteria on the surfaces of the PFA
layer coated aluminum substrates. This indicates the effect of the hydro-
phobic property of the PFA coatings on adhesion of the bacteria. The re-
sult is consistent with previous studies [43,44]. No bacteria could be
observed on the surfaces of the PFA/1%Ag coatings (Fig. 5¢). Similar re-
sult was obtained for the PFA/10%Ag coatings (Fig. 5d). It is noteworthy
that the silver ion released from both the PFA/1%Ag coatings and the
PFA/10%Ag coatings is below the minimum inhibitory concentration
(MIC) of silver ions for E. coli [45]. This phenomenon might be related
to the fact that contact killing [46,47] is the predominant antimicrobial
mechanism and surfaces immobilized silver nanoparticles exhibit better
efficacy than those of surfaces that released silver ions only. The result is
similar to a previous study reported for similar surface immobilized sil-
ver nanoparticles [48]. Thus, we demonstrate that contact killing and
ion mediated killing of silver nanoparticles and hydrophobic property
of the PFA synergistically inhibited the adhesion of E. coli. Moreover,
the antibacterial properties of the PFA/1%Ag coatings and the PFA/

Fig. 5. SEM images of the E. coli bacteria attaching on the surfaces of the samples after incubated in E. coli-containing suspension for 1 day: (a) the aluminum substrate, (b) the PFA coating,
(c) the PFA/1%Ag coating, and (d) the PFA/10%Ag coating. (— 1 is the samples after incubated in E. coli-containing suspension for 21 days).
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10%Ag coatings were constant even the samples incubated in ASW for
21 days, since the releasing rate of silver ions was inhibited by the hy-
drophobic PFA (Fig. 5¢c-1 and d-1). Thus, this study presents an alterna-
tive for the fabrication of surface functionalized marine metal with long-
term antifouling property.

To investigate the feasibility of the present approach for the large-
scale development of hydrophobic coatings, hydrophobic PFA-based
coatings were deposited on aluminum plates with the dimension of
200 mm x 300 mm x 11.2 mm. Drag reduction tests were performed
on the abovementioned samples. Fig. 6 shows the drag coefficients
(C¢) of the aluminum substrate and the aluminum substrates with
PFA-based coatings obtained in a relatively wide flow velocity range,
from 5 m/s to 11 m/s. In addition, to show the measured results more
quantitatively, the drag reduction rates (DR) of the coated surfaces
were also shown in Table 2. As seen from the result, the drag coefficients
of the uncoated substrate decreased when the flow velocity increased.
However, completely different results were obtained for the coated
samples. This tendency could be associated to the fact that the drag ef-
fect resulting from wave contribution becomes dominant relatively to
the frictional drag contribution [49]. In addition, the drag coefficients
of the PFA coated substrate is slightly lower than that of the uncoated
aluminum substrate at a flow velocity of 5 m/s, showing a drag reduc-
tion rate of 5%. However, the drag coefficient of the PFA coating is higher
than that of the uncoated surface at higher flow velocity, indicating an
unavoidable failure of drag reduction. The drag coefficient of the PFA/
1%Ag coating is lower than that of the uncoated aluminum substrate
at a relatively low flow velocity of 5 m/s, showing a drag reduction
rate of 28%. It is still lower than that of the uncoated aluminum substrate
at a flow velocity of 8 m/s, showing a drag reduction rate of 11%. How-
ever, the drag coefficients of the PFA/1%Ag coating presents slightly
higher than that of the uncoated aluminum substrate at a high flow ve-
locity of 11 m/s. Nevertheless, the result suggests obvious drag reduc-
tion between the uncoated substrate and PFA/1%Ag coating. This drag-
reducing effect is similarly observed on traditional hydrophobic sur-
faces. When hydrophobic surfaces are tested at high wall shear rates,
the surfaces do not show a significant drag reduction effect. It is interest-
ing that the drag coefficient of the PFA/10%Ag coating is much higher
than those of the overall other samples, showing a significant increase
of drag. This could be associated to the increased roughness of the
PFA/10%Ag coating, since the dominant factor affecting drag perfor-
mance is known to be the surface roughness. Moreover, the adhesion
of marine biofouling onto the surfaces without good antifouling proper-
ties would further increase the roughness of the surfaces. Our ongoing
efforts are therefore being devoted to elucidating the relation between
the antifouling and drag performance. Taken together, we confirmed
our hypothesis that silver-loaded PFA coatings (PFA/1%Ag coating)
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Fig. 6. Drag measurement results on the PFA/10%Ag coating, the aluminum substrate, the
PFA coating, and the PFA/1%Ag coating.

Table 2
Result of drag coefficient (Cr) and drag reduction rate (DR) of the samples. PFA: PFA coat-
ing; PFA1: PFA/1%Ag coating; PFA10: PFA/10%Ag coating.

\ 5m/s 8 m/s 11 m/s

Type PFA PFA1 PFA10 PFA PFA1 PFA10 PFA PFA1  PFA10
Ce 260 196 3.59 2.58 202 352 271 2.18 3.59
DR 5% 28% —30% —14% 11% —55% —30% —10% —80%

exhibit both antifouling and drag-reducing effect. Furthermore, the pro-
posed method to fabricate antifoulant-loaded hydrophobic PFA coatings
has many advantages, such as large-area fabrication, universal applica-
bility, a simple procedure, and low cost. Nevertheless, the loading
amount of Ag should be optimized for practical applications.

4. Conclusions

In this study, we fabricated antifoulant-loaded hydrophobic PFA
coatings with silver nanoparticles by suspension flame spraying. SEM,
XRD, FTIR and water contact angle measurements demonstrated that
PFA/nano-Ag composite coatings were successfully constructed. The
coatings containing 1%Ag show more slippery, remarkable enhanced
antifouling and drag reduction properties. The study gives insight into
antifouling and drag reduction applications of antifoulant-loaded hy-
drophobic coatings for marine vehicles.
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