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Abstract: This study explores the potential antibiofouling capacity of coatings based on mixes of
poly vinyl alcohol (PVA)-glutaraldehyde (GA) incorporating additions of metal and metal oxide
nanoparticles (TiO,, ZnO, CuO, AgNPs and Ag-TiO;NPs). Such a kind of hybrid polymer-nanoparticle
mix (PVA/GA/ nanoparticles (NPs)) was uniformly applied by spin coating on the surface of a
laboratory raceway and tested in freshwater loaded with green algae communities. The results
showed PVA/GA was a convenient carrier for the nanoparticles tested. Image analysis of the coatings
showed that Ag-TiO, nanoparticles exhibited a significant improvement of the antibiofouling effect
when compared with that of AgNPs and TiO,-NPs. The effect of the Ag-TiO, NPs loaded coating about
four times better than that of ZnO-NPs. A consistent experimental methodology was developed to
test the antibiofouling capacity of the coatings and the hybrid coatings developed have demonstrated
promising results as environmentally friendly antibiofouling materials.

Keywords: metal and metal oxide nanoparticles; Ag-TiO,NPs; antibiofouling; poly (vinyl alcohol)
(PVA); glutaraldehyde (GA); microalgae

1. Introduction

The accumulation on wet surfaces (natural or artificial) of undesirable microorganisms (bacteria,
diatoms and spores of microalgae) is commonly known as fouling or biofouling [1]. Biofouling causes
problems for microalgae farming in open culture systems (raceways) [2], due to pipes and valves
clogging [3] and components corrosion. To prevent them it is vital to investigate and develop
antibiofouling coatings of the surfaces in contact with the fluid.

Such active coatings, capable of preventing the adhesion of such microorganisms, could be based
on the use of amphiphilic polymers [4] such as polyvinyl alcohol (PVA). PVA is a biodegradable
polymer soluble in water, and available in different degrees of hydrolysis, with potential as an
antibiofouling nanoparticles (NPs) carrier. Its low toxicity [5] ability to form thin films [6-10] and
stabilize nanoparticles [11] are known. However, aqueous media can produce PVA swelling and
dissolve it, consequently producing open structures and lowering the continuity of its coatings [12].
Therefore, it is necessary to balance the hydrophilic and hydrophobic properties by controlled
cross-linking [13] using multifunctional compounds, such as dialdehydes [14], dicarboxylic acids [15]
and dianhydrides [16]. Chemical crosslinking is a versatile method to improve mechanical, thermal and
chemical stability of polymers [17]. Glutaraldehyde (GA) is an attractive PVA crosslinking agent,
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since its reaction with the PVA’s hydroxyl groups [18,19] is easily promoted by a mineral acid, such as
HCl [20].

Metallic nanoparticles, such as copper [21] and silver, incorporated into polymeric matrices could
be considered a new hybrid coating material given their potential advantages, but the latter must be
proven. Copper shows an excellent antimicrobial activity against a wide range of microorganisms [22,23].
Silver nanoparticles (AgNPs) and silver-doped formulations are also interesting when working in
biological environments, since they are considered safer and less toxic than other heavy metal-based
formulations. In addition, the application of nano-silver on surfaces is known to be very versatile,
allowing wide flexibility of use [24-26]. It has been demonstrated that the incorporation of metal
oxide nanoparticles, such as ZnO, CuO and TiO, [27-29] in polymer matrices has improved the
antibiofouling properties of some coatings. However, according to recent studies, the antibiofouling
power of TiO, nanoparticles decreases markedly on substrates with a rough and porous surface.
This surface morphology promotes the retention of water and nutrients, favoring the growth of biomass
and reducing the oxides inhibitory effect [30,31].

In this work, the antibiofouling capacity of a thin film coat, based on PVA crosslinked with GA,
doped with metal and metal oxides nanoparticles was applied by spin coating. Silver and metal oxide
nanoparticles (ZnO, CuO and TiO,) were synthesized by a seed and growth technique [32] and a
sol-gel method [33] and added to the polymer matrix. The effect of the combined incorporation of
nanosized Ag and TiO; was also studied.

The effect of these different coatings was investigated by immersing the coated substrates in a
laboratory-scale raceway with a Coelastrella microalgae culture. The antibiofouling capacity of each
coating was evaluated through image analysis after different immersion times (15 and 30 days) [34,35].

2. Materials and Methods

2.1. Chemicals and Materials

All chemicals used were of analytical grade. Polyvinyl alcohol (M.W. 500-5000, high purity,
hydrolyzed) was obtained from Acros Organics. Silver nitrate (AgNO3, >99% pure), zinc chloride,
copper (II) chloride, sodium hydroxide, trisodium citrate dehydrate and glutaraldehyde (GA) were
purchased from Merck Millipore. Tannic acid (TA), titanium tetraisopropoxide (TTIP), isopropanol,
nitric acid (HNO3), hydrochloric acid (HCI), sodium hydroxide (NaOH) and ethanol (EtOH) were
obtained from VWR-Chemicals.

2.2. Synthesis of Nanoparticles (NPs)

Metal oxide nanoparticles were synthesized by a sol-gel route. Silver nanoparticles (AgNPs)
were synthesized by a seed and growth method [32,33]. For both routes, the targeted size of the final
nanoparticles was around 100 nm.

2.2.1. Synthesis of Titanium Dioxide Nanoparticles (TiO,-NPs)

Briefly described, 5 mL TTIP solution were slowly dissolved in 15 mL of isopropanol and
250 mL of milli-Q water. The solution was refluxed at 60 °C for 6 h. Subsequently, 0.5 M HNOj3
was added dropwise, and a white precipitate was observed [36—40]. The precipitate obtained was
isolated by filtration and washing with a mixture of hot water and organic solvents in order to remove
adsorbed impurities. A thermal treatment was necessary to improve the crystallinity of amorphous
compounds [41]. In our case, to obtain the greatest possible transformation into crystalline anatase, the
resulting amorphous white solid was calcined at 450 °C for 10 h.

2.2.2. Synthesis of Zinc Oxide Nanoparticles (ZnO-NPs)

Solutions 0.4 M ZnCl, and 0.2 M NaOH were prepared in ethanol (EtOH) by ultrasonic dispersion
of the solids during 5 min, followed by heating at 60 °C for 20 min. The required volumes of
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the reactants were separately transferred to similar quantities of the solvent (25 mL) to obtain the
desired concentrations of ZnCl, and NaOH in separate recipients. The solutions were mixed under,
vigorous stirring at room temperature. The particles obtained were separated by sedimentation of the
supernatant. The suspension was washed with distilled water to remove the NaCl residues that have
formed. The particles were collected after the removal of EtOH by centrifugation (15 min at 6000 rpm).
Washing and centrifugation were repeated 3 times. Finally, a thermal treatment of 5 h at 250 °C was
carried out [42].

2.2.3. Synthesis of Copper Oxide Nanoparticle (CuO-NPs)

Until pH 14 was reached, 0.1 M NaOH was slowly dropped on a 0.1 M CuCl; solution under
vigorous stirring. The black precipitate obtained was washed with deionized water and absolute
ethanol for several times until neutral pH. Subsequently, the washed precipitates were dried at 80 °C
for 16 h. Finally, they were calcined at 500 °C for 4 h [43].

2.2.4. Synthesis of Silver Nanoparticles (AgNPs)

AgNP colloidal suspensions with an average particle diameter of 100 nm were prepared according
to the method described previously by Puntes et al. [32], through the reduction of silver nitrate by
means of sodium citrate and tannic acid.

2.2.5. Synthesis of Ag-Doped Titanium Dioxide Nanoparticles (Ag-TiO,NPs)

Ag-doped TiO, NPs were synthesized by a sol-gel procedure by using titanium isopropoxide
(TTIP) and silver nitrate (AgNO3) as precursors. A 0.1 M TTIP solution was prepared in absolute
ethanol. Under stirring conditions, 5 wt %. AgNOj solution in distilled water was added. The mixture
was kept still under stirring for 2 hours. The mixture was further dried at 100 °C for 48 h to obtain the
Ag-TiO, gel. After aging during 24 h the Ag-TiO, gel was filtered and dried. Finally, the precipitates
were calcined at 400-600 °C for 24 h [44,45].

2.3. Coating Procedure

Prior to surface coating, the substrates were immersed in ethanol, sonicated for 10 min, rinsed with
deionized (DI) water three times and then dried at room temperature overnight.

PVA gel was prepared by completely dissolving 5 g of polymer powder in Milli-Q water,
under magnetic stirring, at 60 °C, for about 30 min. The 5% (% by weight) PVA solution was allowed
to cool to room temperature. To achieve the hydrogel, a [PVA]/[GA] mixture (% by weight) with a
4:1 ratio was prepared [46]. The mixture was vigorously stirred for 1 h at 70 °C and acidic pH was
achieved by addition of 1 M HCI [20].

Preparation of nanoparticles doped PVA/GA coating was achieved through the addition of 5 wt %
water suspension nanoparticles as described in Section 3.4.1.

In order to prepare a uniform thin film, spin coating was applied. This way, the coating solution
was deposited on the flat substrates at a constant rate. The thickness of the film was determined
by centrifugal forces controlled by spin speed, solution viscosity, and spin time [47]. The solution
of PVA/GA/NPs was poured on the precleaned substrate spinning at 3000 rpm for 30 s (Figure 1).
This process was repeated three times, in order to get a film of appropriate thickness. The coated
specimen was then dried 24 h at room temperature.

A freshwater raceway (110 x 29.5 x 28.0 cm?, containing 80 L water) equipped with a water
circulation system was used throughout the study to test the antibiofouling capacity of the different
coatings (Figure 2a). Coated specimens were placed on the walls of the raceway tank by using
clothespins (Figure 2b). A Coelastrella microalgae culture (supplied by Neoalgae (Asturias, Spain)) was
used as a model system (Figure 2c).
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Figure 1. Schematic description of the coating method: (a) preparation of metal-nanoparticles (NPs)
doped PVA/GA coatings; (b) NP deposition by spin coating and (c) example of the appearance of the
coated substrate.
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Figure 2. Summary of the laboratory raceway (a) freshwater raceway; (b) positioning of the substrates
in the raceway and (c) optical microscopy of a culture of Coelastrella microalgae.

2.4. Characterization Techniques

Surface morphology of the synthetized nanoparticles was characterized with a field emission gun
scanning electron microscope (GeminiSEM, ZEISS, Oberkochen, Germany) at an accelerating voltage
of 20 kV. The HR-SEM was coupled with energy dispersive X-ray spectroscopy (EDX).

The crystal structure of the synthesized nanoparticles was studied using a D8 X-ray diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) with filtered CuK« radiation. All samples were evaluated
over the diffraction angles (20) range of 20-80°.

The particle size analysis was carried out by dynamic light scattering (DLS). Powders were
suspended (0.01 g/100 mL) in milli-Q water and sonicated for 30 s at 25°C °C.

The specimen’s surfaces were characterized by Fourier Transform Infrared Spectroscopy (FTIR),
before and after the coat application. Spectra—in the range of wavenumber from 400 to 4000 cm™! during
64 scans—were recorded on a Fourier-transform infrared spectrometer (Nicolet 6700, Thermo Scientific,
Massachusetts, USA) using an ATR diamond crystal.

Once tested in the raceway, coated substrates were examined using an optical microscope
(Olympus DP72, Tokyo, Japan) at 20X magnification, in order to assess the adhesion of microalgae.
All coated surfaces were examined by digital image processing making use of Image-]J software.

Surface roughness was characterized with a Perthometer (Perthometer, S 6 P, Mahr GmbH,
Gottingen, Germany). The measurements were carried out by scanning the surface of the sample with
a very sharp needle, in order to define its profile. For the roughness assessment, the specimen was
divided in three sections.

3. Results and Discussion

3.1. NPs Characterization

The morphology of the as-prepared synthesized nanoparticles was observed by field emission
gun scanning electron microscopy (FEG-SEM). The nanoparticles were spherical and relatively
monodispersed. The diameter distribution ranged from 90 to 150 nm. The composition of the



Appl. Sci. 2020, 10, 5864 50f16

nanoparticles was obtained by EDX analysis, confirming the absence of impurities. Furthermore,
the crystalline nature of the synthesized nanoparticles was confirmed by XRD. All the results are
collected in Figure A1 in Appendix A.

Hydrodynamic diameter of each particle in suspension was investigated by DLS. Table 1
summarizes the results. The polydispersity index (PDI) was used to estimate the average uniformity
of the particle suspension. It is accepted that a sample is considered monodisperse when the PDI
value is less than 0.1 [48]. As observed in Table 1, the PDI of all the synthesized particles were around
0.1, therefore they can be considered monodisperse. These results agree with the sizing found by the
SEM observation.

Table 1. Summary of the size (hydrodynamic diameter) and polydispersity index (PDI) values obtained
for the synthetized nanoparticles.

Metal-NPs Size (nm) Polydispersity Index (PDI)
TiO, 110.0 0.127
ZnO 112.9 0.100
CuO 104.2 0.101
AgNPs 100.9 0.152
Ag-TiO, 135.2 0.144

3.2. Substrate Characterization

The commercial materials used for the construction of raceway ponds are fiber reinforced polymers
substrates and their surfaces are generally treated with different types of gel coatings. The raceway
employed in this study was manufactured in fiber reinforced polyester by PROAGINOR S.A.L.
(Asturias, Spain).

Rectangular specimens of gel coated substrates (dimensions 5.0 x 2.5 x 0.5 cm?; see Figure 3a)
were surface treated by applying the different coatings developed in this study before being tested in
order to evaluate their antibiofouling capacity.

(a) Gel-coat (Front) Fiber-glass (Back)

|

0% 5.0cm

(b)

T

()

‘ _,.L ﬂ .LAL:LJJ L“LL LJ_%

2Thota (Coupled Twe ThetalTheta) VL1, 54060

Figure 3. Substrate characterization: (a) front and back appearance of the original substrate; (b) FTIR
characteristic spectrum for gel-coated surface and (c) XRD pattern of gel-coated surface.
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The specimen’s surfaces were characterized by Fourier transform infrared spectroscopy (FTIR).
Figure 3b shows the characteristic bands of alcohol group at 3500 cm™~!, probably from the hardeners
or curatives co-reactants. A band around 1750 cm™! attributed to the - C = O groups is also observed.
Bands in the range of a wavenumber from 1500 to 400 cm~! were difficult to assign, but that information
is complementary to that given by the X-ray diffraction patterns of the specimen substrate. Figure 3c
shows the presence of rutile (TiO,) and gibbsite (Al (OH)3) as main phases.

The surface roughness can affect the hydrodynamic performance of antibiofouling coatings and
the settlement of microalgae. Therefore, it was considered an important parameter in the evaluation of
the novel coatings [49]. Surface roughness measurements were carried out on three substrate specimens,
and three different sections of each one, as explained in Section 2.4. The arithmetic mean roughness
(Ra) was taken as the representative parameter of the roughness of the substrate surface. The average
roughness obtained for the three substrate specimens was 0.46 pm (see Table 2). This low value for
initial roughness of the gel-coat face should favor the uniformity of the subsequently applied coating.

Table 2. Results of the roughness test of our substrate.

Gel-Coat (Surface) Cutoff Length Roughness (Ra) Total Roughness (Ra) Standard Deviation

(cm) Average (um) Average (um)
1.65 0.42

Substrate 1 3.30 0.41 0.42 0.015
495 0.44
1.65 0.46

Substrate 2 3.30 0.48 0.46 0.025
4.95 043
1.65 0.57

Substrate 3 3.30 0.40 0.49 0.085
495 0.50

Mean value 0.46

3.3. PVA/GA Conditioning and Characterization

In order to obtain a coating as uniform as possible, the experimental conditions and formulations
were optimized. For the hydrogel preparation, a PVA/GA mixture (% by weight) with a 4:1 ratio was
found as suitable according to the literature [46]. A semiquantitative analysis of the FTIR spectra of
PVA and PVA cross-linked with GA was carried to monitor the chemically cross-linking between
PVA and GA and characterize the products. The FTIR spectra shown in Figure 4 (FTIR spectra of
PVA/GA (Figure 4b)) reveal two important bands at 2850 and 2750 cm™~! of C-H stretching related to
aldehydes, an absorption duplet with peaks attributed to the alkyl chain [19]. Additionally, a strong
band from carbonyl group was verified (C = O at 1720-1740 cm™!). These bands overlapped with
PVA bands in these regions. However, by crosslinking PVA with GA, the O-H stretching vibration
peak at 3330-3350 cm~! was relatively decreased when compared to pure PVA. This could indicate a
possible formation of acetal bridges. Moreover, the C-O stretching at approximately 1100 cm~! in pure
PVA was replaced by a broader absorption band (from 1000 to 1140 cm™!), which can be attributed to
the ether (C-O) and the acetal ring (C-O-C). According to the literature, these acetal bridges could be
considered as confirmation of the PVA/GA crosslinking reaction [50].
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Figure 4. FTIR spectra from: (a) pure PVA and (b) PVA crosslinked by glutaraldehyde (GA).
3.4. Substrate Coating

3.4.1. Preparation of Metal-NPs Doped PVA/GA Coatings

To produce our antifouling coating, an ex situ method was used. This means that the particles
were synthesized before their incorporation into the polymer, the matrix being just the dispersion
medium: 5 wt % suspensions of nanoparticles were prepared in distilled water and sonicated for 1 h.
Then, aliquots were added to the previously prepared hydrogel PVA/GA as described in Section 2.3.
The mixture was stirred for 10-15 min and later on its was kept under ultrasounds for approximately
2 h to obtain a uniform suspension [51].

3.4.2. Coating Characterization

Two and three-dimensional surface images of the modified substrate membranes are displayed in
Figure 5, where bright and dark areas correspond to the peak and valleys, respectively. The surface
roughness parameters measured for the surface coating are listed in Table 3. Measurements were
carried out following the same protocol as those for the uncoated substrate. The arithmetic mean
roughness (Ra) was taken as the most representative parameter of the roughness of the surface.

Figure 5 confirms that the different dissolutions were uniformly extended by spin coating on the
substrate surface.

The results obtained, by digital image processing (Figure. 5), and the roughness quantitative
data (Table 3), show: (i) the unmodified PVA/GA coating (Figure 5a) to have an average roughness of
0.95 um, which is close to the roughness obtained for the as received substrate, which was 0.46 um,
demonstrating the uniformity of the coating; (ii) a uniform distribution of peak-to-valley morphology
can be observed for the coatings of PVA/GA/TiO,-NPs, PVA/GA/Ag-NPs and PVA/GA/Ag-TiO,-NPs,
average roughness of 2.1, 5.0 and 1.46 um respectively; (iii) PVA/GA/ZnO-NPs coating showed the
roughest surface. Its average roughness value, obtained as an average of three coated specimens was
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9.8 um, closely followed by PVA/GA/CuO-NPs coating, average roughness 9.28 um. These data will be

taken into account in the discussion of the antibiofouling coating effect.

)

()

)

(a)
(b)
(

g S

Figure 5. Three- and two-dimensional images of all coating studied: (a) original substrate; (b) PVA/GA
coating; (c) PVA/GA/AgNPs; (d) PVA/GA/TiO,-NPs; (e) PVA/GA/ZnONPs; (f) PVA/GA/Ag-TiO,NPs

and (g) PVA/GA/CuONPs.
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Table 3. Roughness test results for the different coatings applied to the substrate.

Cutoff Length Roughness (Ra) 1 Total Roughness (Ra)

Coating Surface Standard Deviation

(cm) Average (um) Average (um)
1.65 0,89
PVA/GA 3.30 0,95 0.95 0.06
4.95 1,02
1.65 4.90
PVA/GA/AgNPs 3.30 5.12 5.0 0.2
4.95 494
1.65 2.00
PVA/GA/TiO,-NPs 3.30 2.31 2.1 0.2
4.95 1.98
1.65 9.74
PVA/GA/ZnO-NPs 3.30 9.91 9.8 0.1
4.95 9.68
1.65 143
PVA/GA/Ag-TiO,-NPs 3.30 1.52 1.46 0.06
4.95 141
1.65 9.22
PVA/GA/CuO-NPs 3.30 9.35 9.28 0.07
4.95 9.26

! Roughness average is the result of the measurements that were carried out on three substrate specimens.

3.5. Evaluation of the Antifouling Behaviour of NPs Doped Coatings Against Green Algae in Freshwater

The surface of the commercial substrate coated only with PVA/GA (Figure 6) was taken as reference
for the evaluation of all NP containing coatings. After fifteen and thirty days immersion in the culture
tank, the surface was visually inspected. Once the samples had been immersed for fifteen days,
green accretions could already be observed covering the surface of the control substrate. After another
fifteen days (one month of immersion), the green algae accretions had continued growing and formed
a dense layer over the whole exposed surface.

PVA/GA-Coating

15 days 30days S
—— p—— '-~.‘§5
ET__:—_—_'—'--:~“_:""
I T Sz
— T —

L PRESGS SRS ST

Figure 6. Qualitative antifouling test image of the PVA/GA coating surfaces observed at immersion
times of 15 days and 30 days.

In any case after 30 days of immersion the coating remained stable, an indication of the high
reliability of the PVA/GA coat when immersed in fresh water.

In order to check the long-term stability and antifouling capacity of the MP modified-coatings,
their surfaces were also visually inspected after fifteen days and one-month immersion in the Coelastrella
microalgae culture in freshwater.

To prove the inhibitory effect on microalgae adhesion, images of the different NP coatings were
taken by optical microscopy. In addition, the signal intensity of the captured images was digitized
using Image-] 1.53t-win-java8 software for all specimens tested. Optical density results are shown
in Figure 7. Each value obtained is the mean of the measurements in each specimen (1 = 3), and the
error bar corresponds to the standard deviation. The low values for the standard deviation confirm the
reproducibility of the measurements.
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Figure 7. Optical density analysis of the metallic nanoparticle coatings at immersion times of 15 days
(blue) and 30 days (red). The error bars indicate the standard deviation of 3 measurements.

In order to observe biofouling on the NP modified coated surfaces and be able to carry out an
optical density (OD) analysis, the color contrast on the images was modified. Figure 8 shows the
images obtained by optical microscopy after 15 days and 30 days of immersion times.

Qualitative Antifouling assessment by optical microscopy

(a) PVA/IGA (b) PVAIGAITIO,NPs () PVAIGA/ ZnO-NPs  (d) PVAIGA/ CuO-NPs  (e) PVA/GA/ AgNPs () PVAIGA/ Ag-TiO,

Figure 8. Qualitative antifouling assessment by optical microscopy of: (a) PVAGA, (b) PVAGA/TiO2-NPs,
(c) PVAGA/ ZnO-NPs, (d) PVAGA/CuO-NPs, (e) PVAGA/AgNPs and (f) PVAGA/Ag-TiO2-NPs coatings,
after 15 days and 30 days.

Figure 8 shows that under the same conditions, coatings based on CuO-NPs (Figure 8d) and
Ag NPs (Figure 8e), hardly underwent any changes in their surface between 15 and 30 days of the
immersion, keeping the microalga layer deposited on the coating practically constant.
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For TiO, NPs doped coating (Figure 8b), increased adhesion of microalgae was observed in
relation to immersion time. Three times more deposition was recorded between its inspection at day
15 and that after one-month immersion.

Ag-TiO,NPs doped coatings (Figure 8f), in turn, did not present changes in relation to immersion
time. This NP treatment showed the highest antibiofouling capacity among those investigated in
this work.

In the case of the ZnO-NPs coating (Figure 8c), the deposition of microalgae observed after one
month was twice the value of the optical density (OD) at day 15, and two times higher that of the
TiO,-NPs coating after both periods. If compared with the Ag-TiO,.NPs coating, fouling with the
ZnO-NPs coating was up to four times higher. Based on the current literature this effect could be
related to the nanosize. Jones et al. [52] describe the relationship between the nanoparticles size and
the nano-ZnO toxicity. They indicated that 5-nm particles had a five-fold stronger toxic effect than
50-70-nm particles. Then, the standard size selected in this work (close to 100 nm) is likely to decrease
the effectiveness of the NPs. On the other hand, a certain nanomaterial aggregation is perhaps acting
as a limitation for ion release mechanism due to the loss of surface area. Finally, these effects for the
nano-ZnO depend also on the environmental conditions of the test [53].

As already mentioned, the roughness of the NP doped coating could play an important role,
because it favors the growth of the microalgae and the accumulation of nutrients. The ZnO-NPs
doped coating had an average roughness of 9.8 um. This value could be considered very high as
compared to the Ag-TiO,NPs doped coatings, the most efficient ones, which were characterized with
the lowest roughness values (1.46 um, Table 3). These results confirm that high roughness is not
desirable for antibiofouling capacity [30,31]. However, in the case of CuNPs incorporated into polymer
nanocomposites, it has been shown that the antibiofouling capacity could be improved by increasing
the load of CuNPs [54]. This could explain the fact that the CuO-NP-loaded coatings in this work were
more effective than ZnO-NPs loaded ones of similar roughness (9.28 and 9.8 respectively).

The comparison of all NP loaded coatings here studied (Figures 7 and 8) indicates that the
coating based on PVA/GA/Ag-TiO,NPs had the highest antifouling capacity against green Coelastrella
microalgae in freshwater, in contrast with the coating based on ZnO-NPs, which showed the worst
antifouling capacity under the same conditions.

In order to confirm that the nanoparticles are still present on the coating after the antifouling
experiments, X-ray diffraction (XRD) analyses of PVA/GA/Ag-TiO,-NPs and PVA/GA/ZnO-NPs
coatings were carried out. Figure 9 shows both X-ray diffraction patterns (26 range from 5° to 70°),
which confirm the permanence of the nanoparticles.

The X-ray diffraction patterns show the presence of the PVA (in blue) in both cases. Figure 9a shows
in red the characteristic pattern of anatase in the PVA/GA/Ag-TiO,-NPs coating. AgNPs (in green)
could not be detected due to the low crystallinity of the sample and the PVA used as a matrix in the
coating. Figure 9b shows in red the pattern of ZnO in the PVA/GA/ZnO-NPs coating. These results
confirm the viability of the hybrid materials investigated.
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Figure 9. X-ray diffraction patterns from: (a) PVA/GA/Ag-TiO,-NPs and (b) PVA/GA/ZnO-NPs.

4. Conclusions

Stable coats of PVA/GA doped with different metal oxide and metal nanoparticles (NPs), referred to
as hybrid polymer-nanoparticle mixes, were successfully produced and applied by spin coating onto a
commercial gel coated fiber reinforced polyester substrate.

The antibiofouling capacity of such NP doped coatings was studied at a laboratory-scale in a
raceway filled with a Coelastrella microalgae culture, and a consistent experimental methodology was
developed to test the antibiofouling capacity of such coatings.

Image analysis, specifically optical density, was used to evaluate the antifouling behavior, and
capacity, of each NPs doped coat system.

NP doping of the system PVA-GA proved to be a realistic and viable alternative to coat the
commercial substrates used in the construction of raceways for culture of microalgae.

For the NP hybrid systems studied no influence was observed on the viability of the microalgae
culture itself.

The coating based on PVA/GA/ZnO nanoparticles was the one with the least antibiofouling
capacity: approximately four times more fouling appeared on the surface than that of a surface cover
by the PVA/GA/ Ag-TiO, NP system.

Finally, the PVA/GA/Ag-TiO,NPs coating showed the highest antifouling capacity against green
Coelastrella microalgae in freshwater.
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Itremains to be further investigated whether these results are ultimately related to each nanoparticle
size, or even the roughness of each of the coatings.
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Appendix A. Structural and Morphological Characterization of the Nanoparticles Synthesized

Structural and morphological characterizations of the nanoparticles were performed by: energy
dispersive X-ray spectroscopy (EDX), field emission gun scanning electron microscopy (FEG-SEM)
and X-ray diffraction (XRD).

Figure A1shows the result obtained for the characterization by EDX, SEM and XRD of: (a) TiO,-NPs,
(b) ZnO-NPs, (c) CuO-NPs, (d) AgNPs and (e) Ag-TiO,-NPs.

EDX SEM DRX

L 0 1 2
18 Scale 911 cts Cursor: 0000

Figure Al. NPs characterization by EDX, SEM and XRD of: (a) TiO,-NPs, (b) ZnO-NPs, (¢) CuO-NPs,
(d) AgNPs and (e) Ag-TiO,-NPs.
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