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Featured Application: Herein, we provide an inorganic composite as a paint preservative for
antifungal applications. From a paint commercial additive, we add synthesized ZnO nanoparticles
in order to improve the antimicrobial response. The main aim of this study is to generate a
cost-efficient, eco-friendly material, without human health risk. We have developed a method
for the controlled dispersion of ZnO nanoparticles on paint additive through a cooperative
assembly-directed process at room temperature. The antifungal response of the inorganic
composite is tested against the common fungi, Aspergillus niger. In this work we take a step
further, studying the composite developed in a paint application. We believe that this paper
can serve as a turning point in the search of alternative preservatives against fungi in different
environments from industrial to hospital.

Abstract: The presence of mold is a serious problem in different environments as industrial,
agricultural, hospital and household, especially for human health. Large quantities of mold spores
can potentially cause allergic reactions and respiratory problems. Therefore, it is essential to keep
buildings free of fungi without harming human health and the environment. Here, we pose a
composite of modified bentonite clay and ZnO nanoparticles as an alternative antifungal preservative.
The new composite is obtained by an easy and eco-friendly method based on a dry nanodispersion,
without altering the properties of each material. The antifungal test reveals a robust response against
fungi thanks to the ZnO nanoparticles’ contribution. Our results reveal that the antifungal activity of
ZnO/clay composite is governed by both a uniform distribution and an adequate concentration of the
ZnO nanoparticles onto the clay surface. Specifically, we find that for concentration below 10 wt.%
of the ZnO nanoparticles, the nanoparticles are well dispersed onto clay giving rise to an excellent
antifungal response. By contrast, when the concentration of ZnO increases, the formation of ZnO
agglomerates onto the clay surface is favored. This effect provokes that antifungal behavior changes
towards a more moderate improvement. Finally, we have demonstrated that this composite can be
used as a promising paint preservative for antifungal applications.

Keywords: ZnO; modified clay; coating; antifungal response

1. Introduction

Fungicide use is extensive in different environments such as industrial, agricultural, hospital and
household. Its applications range from the protection of seed grain during storage, suppression of
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mildews that attack painted surfaces, control of slime in paper pulps to the protection of carpet and
fabrics in the home, among others [1]. So important is fungicide use that ca. 500 million pounds
of fungicides are applied worldwide annually [1]. The term fungicide refers to either chemicals or
biological agents that inhibit the growth of fungi or fungal spores [2]. Over time, numerous substances
employed as fungicides have a wide and diverse chemical structural spectrum, covering both inorganic
and organic substances [3]. Some of the earliest fungicides were inorganic materials such as sulfur,
lime, copper and mercury compounds [4]. However, many countries have been withdrawn some of
the inorganic metallic fungicides, especially mercurous compounds, due to their high toxicity and
adverse environmental effects [3]. This fact does not only focus on inorganic fungicides but also organic
fungicides are under review. For example, vinclozolin has been removed from use for damage to
human health and several fungicides are known to cause developmental toxicity and oncogenesis [2,4].
Today, the main role of modern fungicides is the inhibition of fungi growth and/or fungal spores (i.e.,
they do not kill fungi). To reduce the toxicity of fungicides, the new routes consist of finding alternatives
from natural resources. When the term fungus is defined, several classes are included as yeast, mold,
and fungi. In a household environment, the presence of mold is a serious problem. Large quantities of
mold spores can be a risk to the health of humans, potentially causing allergic reactions and respiratory
problems. Therefore, it is essential to keep buildings, like houses or hospitals, free of microorganisms,
such as fungi and even bacteria, with antimicrobial agents that show low-toxicity for humans.

Zinc pyrithione (ZnPT) is a broad-spectrum antimicrobial agent that works against the growth
of bacteria, fungi, and mold. This agent is registered in the Food and Drug Administration (FDA)
because of numerous applications, such as medical, scientific and industrial. The main applications
of ZnPT are as a fungicide in anti-dandruff shampoos, anti-fouling agents for boats [5], or it is also
included in textiles [6], adhesives, paints [7], etc. Despite the antimicrobial advantages of ZnPT,
there are doubts about its potential toxicity. ZnPT shows high toxicity to aquatic plants and animals
such as algae, invertebrates, crustaceans, and fishes [8,9]. Likewise, some studies report the potential
penetration of ZnPT in human epidermis, causing cell damage [10,11]. European Union carries out
periodic reviews about the recommended concentrations of ZnPT not to be harmful to human health [7].
Therefore, there is no clear certainty about the cytotoxicity absence of ZnPT. In addition, ZnPT can
easily photodegrade via direct photolysis under solar irradiation [12]. This photochemical degradation
of ZnPT can modify its properties and activity, not allowing antimicrobial effectiveness in areas exposed
to light.

Given the background here mentioned, zinc oxide is posed as an antimicrobial agent alternative
in agreement with the new idea of looking for materials from natural resources. Zinc is a bio element
necessary for life in small quantities in living beings. The oxide form, ZnO, is found in nature as
the zincite mineral, although the vast majority of ZnO is produced synthetically. The antimicrobial
response of ZnO is widely reported, both for bacteria and fungi [13–21]. Most researchers correlate the
antimicrobial activity of ZnO with the particle size, being more effective in the nanometric scale [22–24].
More specifically for fungi, Lipovsky et al. [18] reported the improvement of the antifungal activity
attributing it to the reduction in size and to the increase in the surface area to volume ratio. With respect
to risk on human health, there is no definite evidence that ZnO nanoparticles pose a health hazard,
instead of that they provide obvious health benefits [25]. These properties make ZnO a good candidate
as a fungicide alternative. However, in a generic way, the nanoparticles’ use is on suspicion due to the
potential toxicity. The presence of nanoparticles is strictly regulated in areas such as cosmetics and
food, where their use is restricted. Thus, we pose a deposition of ZnO nanoparticles in a matrix that
acts as a support and as a vehicle.

Herein, we provide an inorganic composite as a paint preservative for antifungal applications.
From a paint commercial additive, we add synthesized ZnO nanoparticles in order to improve
the antimicrobial response. The main aim of this study is to generate a cost-efficient, eco-friendly
material, without human health risk. We have developed a method for the controlled dispersion
of ZnO nanoparticles on paint additive through a cooperative assembly-directed process at room
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temperature. The antifungal response of the inorganic composite is tested against the common fungi,
Aspergillus niger. Thanks to excellent results, this composite can be used in a wide range of applications.
Therefore, we go one step further on potential applications by testing the antifungal activity of ZnO
composite in a waterborne paint matrix.

2. Materials and Methods

Size modification process of the micrometric ZnO via chemical route. All the chemicals were directly
used without further purification. Micrometric ZnO (microZnO), used in the reaction, consists of
hexagonal prisms with lengths of 1–2 µm. First, 6 wt.% micrometric zinc oxide (ZnO, Asturiana de Cinc
S.A., Arnao, AS, Spain) was added to 3.6 mol of glycerol (Sigma-Aldrich, Madrid, MAD, Spain) under
stirring at room temperature. It should be highlighted that micrometric ZnO (microZnO), used in
the reaction, consists of hexagonal prisms with lengths of 1–2 µm, see Figure S1a,b (Supplementary
Materials). When the suspension was homogenized, 3.6 mol of urea (CO(NH2)2, Sigma-Aldrich,
Madrid, MAD, Spain) was added. Subsequently, the reaction was heated in a silicone bath at 120–140 ◦C
for 2 h with continuous agitation at 300 rpm. The role of urea was to provide the reaction with ammonia
and CO2, from its decomposition. The presence of ammonia generates a basic pH during the reaction.
Under these conditions, the Zn species were reacted with H2O and high-pressurized CO2 to create
a hydrozincite phase (see Figure S1b (Supplementary Materials)). It was demonstrated that the
hydrozincite (that is, reaction intermediate product) contains a high proportion of porous distribution,
which should be produced by its morphologies in form of nano-sheet. After naturally cooling,
the precipitate was isolated by filtration and washed with water and ethanol several times to remove
impurities. The white powder was dried at 80 ◦C for 24 h. Finally, the product was thermally treated
at 500 ◦C for a short time, 5 min, in the air. Note that the heat treatment at 500 ◦C produces a new
phase transformation from hydrozincite to ZnO (see Figures S1b,c and S2 (Supplementary Materials)),
which is faster and further completes at a higher temperature of 400 ◦C [26]. Due to the morphology
of the hydrozincite in the formof nano-sheets, the heat treatment at 500 ◦C generates the appearance
of cracks in its structure, which are expanded leading to the formation of the ZnO nanoparticles in
order to decrease the surface energy. The experimental details are schematically shown in Figure S1c
(Supplementary Materials).

Formation Process of Inorganic Composites. The modified clay (Clay) was supplied by NanoBioMatters
Industries S.L. (Paterna, VAL, Spain) The main composition of modified clay is bentonite clay
(68.1%–78.1%), modified with 20–30 wt.% of hexadecyltrimethylammonium bromide (C19H42BrN)
and 1.9 wt.% of silver. The inorganic composite was obtained by the combination of modified clay
(ZnO/Clay) with a different percentage of ZnO (from 2 to 60 wt.%) by using the dry dispersion
methodology. The advantages of using dry dispersion are to ensure both the stability of the inorganic
composite and the homogeneous distribution of ZnO in spite of the low dose.

Paint preparation. The selected paint was supplied by Xylazel S.A. (Madrid, MAD, Spain) The
formulations of waterborne paint were treated with 0.5 wt.% of inorganic composite ZnO/Clay.

Characterization. Crystalline phases were characterized by X-ray diffraction (XRD, X’Pert PRO
Theta/2theta of Panalytical, Cu Kα radiation, PANalytical, The Netherlands). The pattern was recorded
over the angular range 20◦–70◦ (2θ) with a step size of 0.0334◦ and a time per step of 100 s, using Cu Kα

radiation (λ = 0.154056 nm), with a working voltage of 40 kV and current of 100 mA. The morphology of
samples was evaluated using primary electrons images of field emission scanning electron microscopy
(FE-SEM, Hitachi S-4700, Tokyo, Japan). An image processing and analysis program (Leica Qwin,
Leica Microsystems Ltd., Cambridge, UK) were performed to determine the average particle size from
FE-SEM micrographs. In addition, a detailed morphology and crystal structure of the sample was
evaluated using a transmission electron microscope (TEM/STEM, JEOL 2100F, Tokyo, Japan) operating
at 200 kV and equipped with a field emission electron gun providing a point resolution of 0.19 nm.
For TEM sample preparation, the particles were carefully suspended in ethanol and dispersed using
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an ultra-sonication bath for 10 min. The suspension was dropped on a lacey carbon copper TEM grid.
After the evaporation of ethanol, the particles were kept at the grid.

Antifungal activity test. The pathogenic fungus selected for testing is Aspergillus niger (CECT
2807). Antifungal tests were performed by the Bauer-Kirby disk diffusion assay with some modifications.
First, the culture of A. niger (initial concentration of 5.20 × 107 spores/mL) was inoculated on the
surface of Petri dishes. After that, filter paper disks were impregnated with a suspension of 0.5%
different inorganic composites ZnO/Clay. Then, the inoculated Petri dishes were incubated at 37 ◦C for
7 days. The effectiveness of ZnO/Clay samples was evaluated by measuring the inhibition diameter of
the grown fungus in the Petri dish. For the paint antifungal activity, no filter paper disks were used.
The paint was in direct contact with the fungi culture. Two kinds of the test were performed to know
the antifungal activity of modified paint, one with fresh paint and another with dry paint. The dry
paint was obtained after a 90 ◦C thermal treatment for 24 h. All tests were performed in triplicate and
the values were expressed in millimeters.

3. Results and Discussion

3.1. Initial Premises: High Antimicrobial Response of the Nanoparticulated ZnO

The particle size of the micrometric ZnO is modified by a chemical process and then, the obtained
material is thermally treated at 500 ◦C for a short time, 5 min, in the air. (The reader can find
more information about the ZnO synthesis in the Material and Methods section) The obtained
ZnO is structurally characterized by X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). The XRD pattern of obtained ZnO shows a single crystalline structure (Figure S2a
(Supplementary Materials)). The position and intensity of the diffraction peaks match the hexagonal
wurtzite structure ZnO (JCPDS Card No. 36-1451). The FTIR data (Figure S2b (Supplementary
Materials)) displays a strong absorption IR band at 437 cm−1, which is ascribed to vibration Zn−O
modes [27,28]. Other IR bands relate to traces of thermal treatment. At 3470 cm−1, the broad IR band
is assigned to the O−H stretching mode (ν(OH)) of the hydroxyl group of absorbed water. The IR
bands observed between 1630 and 860 cm−1 are associated with stretching modes of carbonate group,
coming from remains of thermal treatment [29]. Therefore, structural characterization confirms the
synthesis of ZnO. Additionally, we carry out a morphological characterization of synthesized ZnO
by FE-SEM (Figure S2c (Supplementary Materials)), which shows nanoparticles’ agglomerates with a
heterogeneous distribution and irregular forms. The image analysis of the nanoparticles displays the
average size to 56 ± 8 nm (Figure S2c (Supplementary Materials)). Note that ZnO is nanoparticles
without a defined organization. Specifically, Figure S2d (Supplementary Materials) allows observing
clearly and unequivocally the nanometric character of the obtained ZnO. A close study of a particle is
shown in Figure S2e (Supplementary Materials). The determined lattice spacing of ~1.630 Å can be
attributed to the ZnO (110) plane according to the JCPDS Card No. 79-0206.

It should be noted that recently we have been evidenced an excellent antimicrobial response of
the nanoparticulated ZnO against multidrug-resistant organisms (MDROs), which strongly depends
on the crystalline defects of ZnO [30]. In the next section, we go a step further and will demonstrate
that the high antimicrobial activity can be used for the development of an inorganic composite as a
paint preservative for antifungal applications

3.2. Finding a Potential Technological Application of the ZnO/Clay Composite

To study the relevant role as a preservative of nanoparticulated ZnO, market available raw
materials are used. The selected matrix was modified bentonite clay with the presence of another
inorganic preservative as silver. The choice of modified bentonite clay with Ag cations, hereafter Clay,
is due to the well-known antibacterial properties of Ag [31,32]. Even, previous studies show the good
antibacterial activity of this modified clay against different types of bacteria [30,33]. Therefore, it is
mandatory to complement the antibacterial activity of Ag cation with a preservative against fungi
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such as ZnO. For a better integration of ZnO obtained with modified bentonite clay, we pose a dry
dispersion of them at room temperature to avoid alteration of the materials [34]. Recently, the dry
dispersion method was proposed to obtain hierarchical nanoparticle–microparticle systems with
unusual properties by mixing oxides of dissimilar materials [34–38]. These hierarchically-dispersed
materials raise additional environmental value since their synthesis is particularly clean. They are
prepared by mixing oxides of different materials using a residue-free and solvent-free nanodispersion
method that leads to hierarchical nano–microparticle systems [34–38]. More importantly, it has been
proven that, after the partial reaction of two oxides, the creation of interfaces at the nano-scale range
endows these materials with new properties that range from magnetic or optic to catalytic [34,35,37,38],
due to proximity and diffusion phenomena. Consequently, here, the dry dispersion method is taking
advantage of the surface energy differences between dissimilar oxide that it attained by shaking the
modified clay with ZnO obtained, and 1 mm ZrO2 balls in a 60 cm3 nylon container for 5 min at 50 rpm
using a tubular-type mixer.

Different composites ZnO/Clay are obtained according to the concentration of nanoparticulated
ZnO, from 2 to 60 wt.%. The structural characterization of the composites is carried out by XRD
(Figure 1). As discussed above, the XRD pattern of ZnO obtained matches the hexagonal wurtzite
structure ZnO (JCPDS Card No. 36-1451). The XRD pattern of bentonite (Figure S3 (Supplementary
Materials)) shows the typical diffraction peaks (JCPDS Card No. 003-0019) and the presence of
cristobalite as an impurity (JCPDS Card No. 039-1425). As expected, the XRD pattern of ZnO/Clay
composite displays an increase in the intensity of the diffraction peaks relative to ZnO while the
diffraction peaks of clay decrease their intensity accordingly.
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Figure 1. Structural characterization of ZnO obtained and ZnO/Clay composites. XRD diffractograms
of ZnO, bentonite clay and modified clay with different compositions of ZnO (from 2% to 60%).

In order to clarify the addition of ZnO and the dispersion state of ZnO/Clay composites, a FE-SEM
characterization is performed. For this, it is necessary to separately characterize the morphology
of each ZnO/Clay composite components (that is, the bentonite clay and the nanoparticulated
ZnO). So, the bentonite clay is composed of layers or compacted plates (Figure S4a (Supplementary
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Materials)). While the morphology of nanoparticulated ZnO (Figure S4b (Supplementary Materials))
are nanoparticles with sizes of ca. 56 nm. Note that the expected behavior about the dispersion
of nanoparticulated ZnO is a partial coating of clay aggregates, according to the dry dispersion
procedure [34,36,37]. Figure 2 displays the changes in clay morphology corresponding to the addition
of nanoparticulated ZnO. The 2 wt.% of dispersed ZnO on clay (Figure 2a) is practically not observed
in the micrograph. From 6 wt.% of ZnO (Figure 2b), nanoparticles of ZnO are deposited onto the
clay surface. For concentration between 10 wt.% (Figure 2c) and 20 wt.% (Figure 2d) of dispersed
ZnO, the presence of nanoparticle onto clay surface increases, reaching a coated clay. Figure 2e
shows the first appearance of ZnO agglomerates due to a high concentration of ZnO nanoparticles.
When the concentration of ZnO increases, the quantity, and size of agglomerates also rise (Figure 2f).
Consequently, a dispersion mechanism can be established depending on the deposited material
concentration. The clay agglomerates serve like the base of the dispersion of the ZnO (Figure 2g).
At low concentrations of ZnO, from 2 to 10 wt.% (Figure 2g), the distribution of ZnO is uniform onto
the clay surface. Once the surface coating is reached, the agglomeration of ZnO nanoparticles occurs
(Figure 2g).
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Figure 2. Distribution of ZnO on bentonite modified clay by dry dispersion methodology. Panels (a) to
(f) show the micrographs of ZnO/clay after the incorporation of different ZnO concentrations—2% (a),
6% (b), 10% (c), 20% (d), 40% (e), 60% (f). Panel (g) shows the steps of composite evolution according
to ZnO concentration: (1) no ZnO addition, (2) ZnO concentration from 2% to 10%, (3) concentration
upper than 20%.

The antifungal response of ZnO/Clay composites is tested by the Bauer-Kirby disk diffusion assay.
The fungus selected for the assay is Aspergillus niger, which is incubated at 37 ◦C for three days after
ZnO/Clay addition. As shown in Figure 3a,b, the presence of nanoparticulated ZnO improves the
antifungal inhibition ratio of the bentonite clay. Evaluating the antifungal evolution as a function of
the ZnO concentration (Figure 3c), an increase in the sporulation inhibition diameter (SID) is observed.
Modified bentonite clay with Ag cation has a very low antifungal response (called B). This fact is in
accordance with the lack of antifungal activity of Ag that literature reports. By contrast, it has been
reported by Monte-Serrano et al. [33] that the use of the modified bentonite clay with Ag cations
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guarantees an effective antibacterial activity. This fact should endow the ZnO/Clay system of a
combined action between Ag-Zn cations, where the Ag cations guarantee the antibacterial activity,
while Zn cations provide the antifungal activity. At low ZnO concentrations, between 2 to 10 wt.%
(named as C to E), the SID increases exponentially. When 20 wt.% of ZnO (F) is reached, the SID
behavior changes towards a more moderate improvement. This asymptotic character is maintained for
higher ZnO concentrations as 40 wt.% (G) and 60 wt.% (H). Therefore, the relationship between the
addition of ZnO and antifungal activity is not linear. There are two well-differentiated linear regressions
whose intersection occurs at 10 wt.% (E). At concentration below 10 wt.%, ZnO nanoparticles are well
dispersed onto clay, which coincides with faster efficacy growth of the antifungal activity (see Figure 3c
green zone). When agglomerates appear on clay at concentration upper 10 wt.%, the growth of the
antifungal response is reduced (see Figure 3c red zone). Hence, ZnO agglomerates onto clay surface
are less effective with respect to the uniformly dispersed ZnO. These results prove the importance of
both the uniform distribution and an adequate concentration of the ZnO nanoparticles onto the clay
surface for the antifungal activity of composite.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 11 

behavior changes towards a more moderate improvement. This asymptotic character is maintained 
for higher ZnO concentrations as 40 wt.% (G) and 60 wt.% (H). Therefore, the relationship between 
the addition of ZnO and antifungal activity is not linear. There are two well-differentiated linear 
regressions whose intersection occurs at 10 wt.% (E). At concentration below 10 wt.%, ZnO 
nanoparticles are well dispersed onto clay, which coincides with faster efficacy growth of the 
antifungal activity (see Figure 3c green zone). When agglomerates appear on clay at concentration 
upper 10 wt.%, the growth of the antifungal response is reduced (see Figure 3c red zone). Hence, ZnO 
agglomerates onto clay surface are less effective with respect to the uniformly dispersed ZnO. These 
results prove the importance of both the uniform distribution and an adequate concentration of the 
ZnO nanoparticles onto the clay surface for the antifungal activity of composite. 

 
Figure 3. Antifungal activity test of ZnO/Clay composites against Aspergillus niger. Panels (a) and (b) 
show photographs of Bauer-Kirby disk diffusion assay for different composition of ZnO (wt.%) 
content in clay: (A) Control, (B) clay, (C) 2%, (D) 6%, (E) 10%, (F) 20%, (G) 40%, (H) 60%. Panel (c) 
shows sporulation inhibition diameter data mean values and standard errors of a 0.5 wt.% 
concentration of ZnO/Clay. The effectiveness zone is represented in green and one of less effectiveness 
is colored in red. Each data represents an average of triplicate measurements. 

According to the promising results against fungi, the antifungal response of ZnO/Clay 
composite is tested in a waterborne paint matrix. The same method and conditions as in the previous 
antifungal test are used. The experiments are collected in Figures 4a and S5 (Supplementary 
Materials). The waterborne paint was modified with a concentration of 0.5 wt.% of ZnO/Clay 
composite with a ZnO content of 10 wt.% (i.e., 0.05 wt.% of ZnO nanoparticles). The very low 
concentration is selected due to the adequate compromise between ZnO dispersion and antifungal 
response. Two conditions of the waterborne paint, fresh and dry, are taken into account. As shown 
in Figure 4a, the fresh paint without the presence of ZnO/Clay composite, as control, displays a poor 
inhibition diameter. The fresh paint with ZnO/Clay composite incorporated shows a SID greater than 
control. By contrast, the dry paint practically does not have sporulation inhibition. The dry paint with 
ZnO/Clay composite added improves considerably the inhibition of fungi growth. Figure 4b collects 
the sporulation inhibition diameter (SID) observed in the Bauer-Kirby disk diffusion assay. The fresh 
paint SID (I) may be related to the paint composition such as additives, fillers, pigments, solvents, 
and resins. Once the ZnO/Clay composite is incorporated into the paint (II), the action diameter 
against fungi growth increases. This increase in antifungal activity indicates synergy between fresh 

Figure 3. Antifungal activity test of ZnO/Clay composites against Aspergillus niger. Panels (a) and (b)
show photographs of Bauer-Kirby disk diffusion assay for different composition of ZnO (wt.%) content
in clay: (A) Control, (B) clay, (C) 2%, (D) 6%, (E) 10%, (F) 20%, (G) 40%, (H) 60%. Panel (c) shows
sporulation inhibition diameter data mean values and standard errors of a 0.5 wt.% concentration of
ZnO/Clay. The effectiveness zone is represented in green and one of less effectiveness is colored in red.
Each data represents an average of triplicate measurements.

According to the promising results against fungi, the antifungal response of ZnO/Clay composite
is tested in a waterborne paint matrix. The same method and conditions as in the previous antifungal
test are used. The experiments are collected in Figure 4a and Figure S5 (Supplementary Materials).
The waterborne paint was modified with a concentration of 0.5 wt.% of ZnO/Clay composite with a
ZnO content of 10 wt.% (i.e., 0.05 wt.% of ZnO nanoparticles). The very low concentration is selected
due to the adequate compromise between ZnO dispersion and antifungal response. Two conditions of
the waterborne paint, fresh and dry, are taken into account. As shown in Figure 4a, the fresh paint
without the presence of ZnO/Clay composite, as control, displays a poor inhibition diameter. The fresh
paint with ZnO/Clay composite incorporated shows a SID greater than control. By contrast, the dry
paint practically does not have sporulation inhibition. The dry paint with ZnO/Clay composite added
improves considerably the inhibition of fungi growth. Figure 4b collects the sporulation inhibition
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diameter (SID) observed in the Bauer-Kirby disk diffusion assay. The fresh paint SID (I) may be
related to the paint composition such as additives, fillers, pigments, solvents, and resins. Once the
ZnO/Clay composite is incorporated into the paint (II), the action diameter against fungi growth
increases. This increase in antifungal activity indicates synergy between fresh paint and ZnO/Clay
composite. When the paint is dry, the SID difference between control (III) and modified paint (IV)
increases significantly. Therefore, the antifungal response of waterborne paint without modification is
due to the volatile compounds of its formulation. It should be highlighted that the ZnO/Clay composite
keeps the good antifungal response both for fresh paint and for dry paint. In both cases, fresh and dry
paint with ZnO/Clay composite improve the antifungal response.
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Figure 4. Antifungal activity test of waterborne paint with 0.5% of ZnO/Clay composite. (a) Bauer-Kirby
disk diffusion assay of fresh paint (I), fresh paint with ZnO/Clay (II), dry paint (III) and dry paint with
ZnO/Clay (IV). Panel (b) shows sporulation inhibition diameter data of (I) fresh paint, (II) fresh paint
with ZnO/Clay, (III) dry paint and (IV) dry paint with ZnO/Clay. The mean and standard deviation
(s.d.) from the three experiments is shown.

The antifungal activity observed in ZnO/Clay composite (Figure 3) is maintained for its application
in paints (Figure 4). The excellent antifungal activity of fresh and dry paint points to the availability
of ZnO in the matrix thanks to the dry dispersion method. The ZnO concentration added in the
finished product for antifungal response is 0.05 wt.%, a value well below other antifungals such as zinc
pyrithione, typical addition ~2.0% [7]. At a very low concentration of ZnO/Clay (0.5 wt.%), the paint
does not significantly increase the cost production and improves considerably the antifungal response.

4. Conclusions

In summary, we are able to achieve a paint preservative based on ZnO nanoparticles and modified
clay. The ZnO/Clay composite formation by a dry dispersion allows obtaining a controlled and uniform
surface coating of ZnO. The addition of ZnO nanoparticles improves the antifungal properties of
modified clay against a common fungus, A. niger. The use of ZnO/Clay composite as a fungicide is in
accordance with the established guidelines to find alternatives from natural resources. To evaluate the
effectiveness of ZnO/Clay composite as a preservative, we introduce the composite in a waterborne
paint matrix. The antifungal test shows the improved response in both fresh and dry paint with the
ZnO/Clay composite addition. It is worth noting that the combination of modified clay and ZnO
nanoparticles in one preservative composite product and at a low concentration, such as 0.5 wt.%,
optimizes the cost production and the amount of material required, besides tolerating the incorporation
in other matrixes. Therefore, this composite is a strong candidate for a huge range of applications
such as coatings in outdoor environments, the formation of antifungal textile fibers or integration
into polymers.
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