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ARTICLE INFO ABSTRACT

Keywords: Zn-Al, MgZn-Al and CuZn-Al hydrotalcites were prepared by the co-precipitation method, using the conventional
Layered double hydroxides hydrothermal crystallization or ultrasonic irradiation methods The samples were characterized by XRD, FT-IR
Synthesis and SEM, which confirmed the formation of a layered double hydroxide phase. Afterwards, the effects of
Biocidal activity composition and texture of the synthesized samples on their biocidal behavior against A. niger were evaluated by
Zur:gguesr using traditional cultivation techniques. Among the different samples examined, hydrotalcites containing Zn, Zn-

Mg and Zn-Cu showed an inhibitory effect on A. niger growth. Samples synthesized by the conventional method
showed a greater inhibitory capacity than those synthesized by ultrasonication, but their biocidal activity was
mainly determined by the presence of biocidal cations. The biocidal characteristics of zinc and/or copper in
conjunction with the alkalinity of these materials were favorable for preventing fungal spread. The ZnAl hy-
drotalcite, the more eco-friendly material of the analyzed series, showed a good biocide performance, while the

best antifungal behavior was observed for copper-containing hydrotalcites.

1. Introduction

Recent epidemiological studies have shown that pathogenic fungal
microorganisms such as those of the genus Aspergillus have significantly
increased their resistance to the fungicides currently available. This
fungus can be adsorbed by animals through the skin, ingestion or in-
halation and can cause aspergillosis in humans [1]. Among the Asper-
gillus fungi, the most common is Aspergillus niger, which can cause
health problems including allergies and asthma, especially during
prolonged indoor exposure. It is frequently found in fruits and vege-
tables, causing a disease called black mold. Also, this fungus appears on
the painted surfaces of buildings producing degradation, flaking and
spalling of the coating [2]. It is a very resistant fungus that grows in a
wide range of temperatures, pH values, salt concentrations and hu-
midity levels [3]. Thus, it will be interesting to find an antifungal agent
that could be easily added to paints to prevent damage by fungi.

The typical antifungal agents, such as azoles or allylamines, act
against fungi inhibiting the protein, cell wall and microtubule bio-
synthesis or disrupting the membrane and other fungal components
[4,5]. Antifungal agents have also been supported on inorganic solids or
in alginate pellets to form hybrid materials having a controlled release
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of the organic fungicides [6-14]. In some cases, the inorganic solids
exhibit antimicrobial properties, due, in part, to their high surface areas
that provide a good contact with microorganisms and, in others, to their
chemical composition [15]. Pereyra et al. [16], reported that Ag* and
Zn>* ions supported on A-type zeolite presented higher activity against
Aspergillus niger when compared to traditional organic biocides [16]. An
effective fungicide composed of ZnO nano-particles against B. cinerea
and P. expansum was reported by He et al. [17]. Among inorganic
supports, the most suitable inorganic solids could be clays, taking into
account that they are chemically stable, easy to handle, nontoxic to
humans and environmentally friendly [18]. Among clays, the anionic
type, known as hydrotalcite, has presented high activity against various
bacteria or fungi, which can be attributed to metallic ions or hydroxides
liberated from the structure to the microorganism medium [10,19].
Hydrotalcites are natural or synthetic clays made up of positively
charged layers balanced by hydrated anions. The general chemical
formula is [M&%, M2* (OH),1(X&/m))nH,0, where M>* and M®* are
divalent and trivalent metals, respectively. X™~ is a compensating
anion with charge m-; x represents the metal ratio M>*/(M>* +M?*)
and n is the number of water molecules. Frequently, M?>" is a magne-
sium cation but it can be replaced by copper or zinc cations, which are
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ions that have high antimicrobial properties [18,20]. It is known that
the chemical composition as well as the textural properties of hydro-
talcites could be tailored by selecting the crystallization methodology
and the starting mixture composition employed for their synthesis [21].
Therefore, the chemical composition, particle size and porosity of hy-
drotalcite materials possessing selected properties can be tailored to be
included in the paint formulations to prevent fungal dissemination in
houses and buildings.

In this work, the synthesis of hydrotalcites containing Mg, Zn and/
or Cu with Al was carried out by the co-precipitation method followed
by a crystallization process that was performed by conventional heating
or by applying ultrasonic irradiation. Thus, the effect of composition,
structure and textural properties of the samples can be considered when
employed as fungicidal against A. niger. The microbiological evaluation
was performed using traditional cultivation techniques.

2. Materials and methods
2.1. Materials

Magnesium (Sigma-Aldrich, 99%), copper (Sigma-Aldrich, 98%),
zinc (Sigma-Aldrich, 98%) and aluminum nitrate (Sigma-Aldrich, 98%)
were used as reactants to synthesize the hydrotalcites. Ammonium
hydroxide (Baker, 28%) was used as precipitating agent.

2.2. Material syntheses

Zn-Al, MgZn-Al and CuZn-Al hydrotalcites with a molar ratio of
M2*:M3" equal to 2:1 were synthesized. Depending on the desired
hydrotalcite product, 1.5molL™! solutions of Al(NO3)39H,0, Zn
(NO3)3'9H,0 and/or Cu(NOs3), and/or Mg(NO3)39H,0 were prepared.
NH,4OH solution (1.5 mol L™ !) was used as precipitating agent.

For conducting the hydrotalcite crystallization process, two dif-
ferent methods were used: ultrasonic irradiation and conventional hy-
drothermal heating.

2.2.1. Ultrasonic hydrotalcite syntheses (U series)

Each sample was prepared by simultaneously dropping an aqueous
solution of the corresponding metal nitrates and an ammonium hy-
droxide solution. The dropping flow of each solution was adjusted to
maintain a constant pH of 8.0. The hydrotalcites synthesized at constant
pH result in solids were the composition results more homogeneous
than those synthesized at variable pH [22]. The resulting mixture was
subjected to crystallization for 20 min in an ultrasonic cleaner bath
(Branson 5510, 135 W, 42 kHz). Then, the solid was recovered, washed
with distilled water and allowed to precipitate for 24 h. Finally, the
decanted solid was separated from the liquid, washed with distilled
water to achieve a constant pH of the wastewater ca. to 7.6, and dried
in an oven at 70 °C for 24 h.

2.2.2. Hydrotalcites obtained by conventional hydrothermal synthesis (C
series)

The synthesis mixture was obtained following the aforementioned
simultaneous dropping method. The resulting mixture was con-
ventionally treated at 80 °C for 24 h, under stirring. At the end of the
synthesis, the solid fraction was recovered and treated as was described
above. The cations incorporated in the starting crystallization mixtures
for obtaining the different hydrotalcite samples are detailed in Table 1.

2.3. Characterization methods

2.3.1. X-ray diffraction (XRD)

A Bruker D8 Discover diffractometer coupled to a copper anode
(. = 1.54056 A) X-ray tube and equipped with a Gobel mirror was used
to obtain the X-ray diffraction patterns. Diffraction data were collected
at room temperature in the Bragg-Brentano 6-20 geometry. The
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Table 1
Sample identification, M?>* and M>* cations present in the starting mixture and
the nominal M?™* /Al molar ratios.

Sample M?" cations M3*cation Molar ratio Crystallization
incorporated (M27*:Al) method
UZA Zn Al 2:1 Ultrasonication
UZMA  Zn, Mg Al 2:1 Ultrasonication
UZCA Zn, Cu Al 2:1 Ultrasonication
CZA Zn Al 2:1 Conventional
hydrothermal
CZMA Zn, Mg Al 2:1 Conventional
hydrothermal
CZCA Zn, Cu Al 2:1 Conventional
hydrothermal

scanning covered the 5°-70° range with a step angle of 0.025° and an
integration time of 36s. Crystallite sizes were obtained from the XRD
data agreeing to the Debye-Scherrer equation: d = 0.9 A/(B cos 0),
where d, A, B and 0 signify the crystallite size, Cu Ka wavelength
(0.15428 nm), full width at half-maximum intensity (FWHM) of the
reflection in radians, and Bragg’s diffraction angle, respectively [23].

2.3.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra in the region of 4000-400 cm ™ were recorded with a
Magna-IR Spectrometer 550 Nicolet. The sample was dispersed in KBr
pellets

2.3.3. Scanning electron microscopy (SEM)

Particle size and morphology were observed by SEM, by means of a
Philips 505 microscope. The samples were covered with gold prior to
analysis to avoid charging effects. The local elemental chemical com-
position was determined by energy-dispersive spectroscopy (EDS).

2.3.4. Inductively coupled plasma-Optical emission spectrometer (ICP-OES)

Al, Mg, Cu and Zn contents were measured by ICP-OES. The samples
(ca. 1 mg), were dissolved in a HNO3 solution before analysis with a
Varian 730-ES equipment.

2.3.5. Fungus and antimicrobial assay

Aspergillus niger fungus was selected to evaluate the antimicrobial
activity of synthesized hydrotalcites. The A. niger strain used for these
studies was isolated from a painted wall of the San Francisco de Asis
Church, La Plata, Argentina (registered as No. LPSc 1153 at the
Instituto Spegazzini, Argentina) [24].

The fungus was aerobically grown for 10 days at 30 °C in an agar
maltose-peptone (AGMS) medium (agar 20 g (Britania), maltose 30 g
(Biopack) and meat peptone 5 g (Britania) in 1000 mL of distilled water.
Then, an aliquot of this culture was aseptically transferred to an
Erlenmeyer flask with sterile distilled water, and the A. niger suspension
was appropriately diluted (0.3 X 10° spores mL~"). The number of
spores was estimated in a Neubauer chamber. Due to the small size of A.
niger spores (3—4 um in diameter), the count was obtained using the
smallest grids at the greatest magnification.

In the general procedure, each synthesized hydrotalcite was dis-
tributed in sterile Petri dishes containing AGMS medium (10 mL). The C
series (CZA, CZMA and CZCA samples) was tested first, followed by the
U series (UZA, UZMA and UZCA samples). The growth of each series
was compared to its own three control plates (without hydrotalcites).
For each synthesized hydrotalcite, different weights were added to the
Petri dishes in order to prepare samples containing increasing Zn con-
centrations: 20, 40, 80, 100 and 120 mgm L~! of Zn?". This metho-
dology allowed us to analyze whether the replacement of Zn>* by
another ion (Mg2* or Cu®>*) produces a synergistic effect or reduces the
antifungal capacity of hydrotalcites.

With the aim of evaluating the capability of the fungus to spread
from the site of colonization, inoculum was applied in a single point in
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Table 2
Elemental composition (in wt%) obtained by EDX and ICP-OES and the re-
sulting metallic molar ratio of the hydrotalcite samples.

Sample EDX ICP-OES
Al Mg Zn Cu M2+ /A1 Al Mg Zn Cu M2+ /Al

molar molar
ratio ratio

UZA 94 00 366 00 1.6 10.1 0.0 433 0.0 1.8

UZMA 121 54 265 0.0 1.4 10.1 56 21.7 0.0 1.5

UZCA 9.5 0.0 251 19.1 19 9.1 0.0 17.7 15.0 1.5

CZA 85 0.0 444 00 21 78 00 31.3 00 1.7

CZMA 11.0 49 333 0.0 1.7 11.1 6.0 228 0.0 1.4

CZCA 8.5 0.0 259 204 24 100 0.0 21.1 198 1.7

the center of the Petri dishes. After 5 days, the average area of A. niger
colonies (cm?) and percentage of colonized area (%) were measured
using the grid.

All tests were done in triplicate.

3. Results and discussion
3.1. Chemical composition of the synthesized hydrotalcites

The EDX elemental composition (Table 2) shows that the M2+ /Al
molar ratios of the U series (1.6, 1.4 and 1.9) are lower than the nominal
value of 2, indicating that the ultrasonic irradiation favors the diffusion
of AI** ions to the core of the hydrotalcite particles. This phenomenon
was already reported for hydrotalcites synthesized with microwave ir-
radiation [25]. For the C series, the molar ratios are slightly higher than
the nominal value of 2, except for the trimetallic hydrotalcite, CZMA
sample, with a value of 1.7. It can also be observed that for samples
containing zinc and aluminum or those containing zinc, copper and
aluminum, the metallic ratios are very close to the nominal value, i.e., the
nature of the metallic cation affects the M2* /Al molar ratio to a lesser
extent. Furthermore, due to the easy incorporation of copper ions in the
hydrotalcite network [19], the molar ratios of the UZCA and CZCA
samples had the highest value for each sample of the series. Nevertheless,
it is well known that EDX provides only a semiquantitative chemical
analysis determination, an influence of the chemical inhomogeneity of
the sample area selected for inspection being also expected. Thus, to
obtain a more accurate elemental composition, the samples were ana-
lyzed by ICP-OES. The resulting metallic molar ratio values for UZA and
UZMA samples were slightly higher than those obtained by EDX, while
the UZCA sample presented a molar ratio value of 1.5, which was slightly
lower. For samples treated by the conventional method, the molar ratios,
in all cases, presented lower values of 1.7, 1.4 and 1.7 for samples CZA,
CZMA and CZCA, respectively, confirming that the AI** ions diffuse
more than the M2+ cations into the hydrotalcite particle core. Fur-
thermore, the conventional method also contributes to the AI** diffu-
sion. Thus, the hydrotalcite composition depends on the type of thermal
treatment used for the crystallization step as well as on the nature of the
cation incorporated.

3.2. Crystallinity and structural features

The XRD patterns of the samples obtained by the ultrasonication
and conventional treatments are shown in Fig. 1.

Hydrotalcites showed characteristic peaks corresponding to the
crystallographic planes (003), (006), (009), (012), (110) and (113)
[21]. These peaks were identified according to the JCPDS card 00-014-
0191, ascribed to carbonated Mg-Al hydrotalcite. In all cases, no im-
purities were detected.

In general, the hydrotalcites synthesized by ultrasonication (U
series, Fig. 1a) showed reflection peaks with higher intensity than those
obtained by conventional synthesis. This result is in agreement with
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those reported in previous work [26]. Likewise, the (110) and (113)
crystallographic planes were present as a single wide peak, indicating a
high degree of disruption of elements in the crystalline lattice [27]. The
lower crystallinity observed for sample UZCA, compared to the values
corresponding to UZA and UZMA, could be attributed to the crystalline
lattice distortion in the hydrotalcite framework produced by the pre-
sence of copper [28,29]. The broadening of the (001) peaks may also be
attributed to the small particle sizes of the copper-containing hydro-
talcite caused by the Jahn-Teller effect [18]. The incorporation of Ccu?t
ions could also be affected by the presence of NH,* [30].

According to the results obtained in the X-ray diffraction patterns of
the conventionally synthesized hydrotalcites, CZA and CZMA showed a
double peak in the planes (003) and (006), which can be attributed to
the double symmetry in the structure. These sections of different sym-
metry were generated during the crystallization process due to random
sheet stacking [31].

The X-ray diffraction pattern of CZCA presented a single peak cor-
responding to (110) and (113) crystallographic planes, which is at-
tributed to a high degree of disarrangement of the metallic elements in
the hydrotalcite crystalline network [18] due to the fact that copper
promotes a disorder in the hydrotalcite lattice, as mentioned before. On
the contrary, the separation of these peaks in the samples without
copper (CZA and CZMA) suggests a better accommodation of the me-
tallic ions in the crystalline network when the crystallization proceeds
via the conventional hydrothermal synthesis.

Structural parameters of the hydrotalcites are shown in Table 3. The
diffraction peaks were indexed to a hexagonal lattice with rhombohe-
dral 3R symmetry. It is known that the parameter a (a = 2 X dj10)
varies according to the metal — metal distance within the layers, and the
parameter ¢ (¢ = 3 X dgg3) depends on the metal cation nature, the
water content and the size of the charge-compensating anions present
in the interlayer region [32]. For the prepared samples, the values of
the lattice parameter a are almost constant, a =3.06 Z\, revealing that
the average intermetallic spaces of the obtained layered matrices are
identical. Additionally, the interlayer distance, dgo3 parameter,
is ~8.8 A, indicating that NO;~ ions are present in the interlayer space
[22]. For CZA and CZMA samples, a segregated phase with parameters
a=3.06 and dyp3* = 7.7 A, which correspond to carbonated hydro-
talcite [22], was also obtained.

In the U series, the ¢ parameter value (26.6 f\) is the same for UZA
and UZMA, diminishing to 26.1 for UZCA. Similar results are obtained
for the C series, where the ¢ value diminishes from 26.5 to 26.1 A. The
decrease in c values indicates that the presence of copper influences the
space between the anionic clay layers.

The crystallite sizes of the samples were determined by the Scherrer
equation and reported in Table 3. The samples prepared with ultra-
sound irradiation presented crystallite sizes from 6 to 31 nm, while
those prepared by the conventional method ranged from 5 to 14 nm.
The ultrasound promotes the formation of bigger crystallites than the
conventional method. Furthermore, it can be seen that the hydrotalcites
containing copper are composed of smaller particles than those ob-
served in Zn or Zn/Mg hydrotalcites. Copper incorporation produces a
distortion of the hydrotalcite network along with a reduction in the
crystallite sizes. Hence, the particle size depends on the methodology
used for the crystallization and on the hydrotalcite composition.

3.3. Functional groups

The FTIR spectra of the hydrotalcites obtained by ultrasonication
and conventional methods are shown in Fig. 2.

Similar FTIR spectra are observed for all synthesized hydrotalcites.
Bands corresponding to OH group vibrations are present at 3500 cm™?,
being mainly attributed to the hydroxyl groups of the hydrotalcite
layers, interlaminar water molecules, and to OH and NH, * stretchings.
The 1650 cm ™! bands are assigned to the water confined between hy-

drotalcite layers [33]. The band at 2400 cm ™" is assigned to the carbon
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Fig. 1. X-ray diffraction patterns of the samples obtained by a) ultrasonication (UZA, UZMA and UZCA) and b) conventional (CZA, CZMA and CZCA) methods.

*Secondary hydrotalcite phase.

Table 3
Structural parameters of synthesized hydrotalcites.

Sample A c dgoz  €* dooz*  Crystallite size Specific surface
@D @ A A A mm area (m?%/g)
UZA 3.05 26.6 8.8 26 0.3
UZMA 3.05 26.6 8.8 31 0.7
UZCA 3.05 26.1 8.7 6 4.1
CZA 3.07 265 838 23.0 7.7 14 2.0
CZMA 3.06 265 88 231 7.7 13 13.0
CZCA 3.06 26.1 8.7 5 14.4
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Fig. 2. FTIR spectra of hydrotalcites synthesized by ultrasonication (UZA,
UZMA and UZCA) and conventional (CZA, CZMA and CZCA) methods.

dioxide from the laboratory atmosphere and it does not correspond to a
compound present in the samples. Vibrations located at 1380 cm ™! are
associated with interlayered nitrates (NO3 ™). Bands appearing between
400 and 900 cm ™! are related to the presence of M?>* and M>* cations

[30,34].

3379

3.4. Morphological and textural properties

The SEM images of the synthesized hydrotalcites are shown in
Fig. 3. The ZnAl and ZnMgAl samples, independently of the synthesis
method, presented the usual reported morphologies ascribed to hy-
drotalcites, consisting of irregular and stacked flakes [35] forming
heterogeneous chunks with a rather smooth surface. Furthermore, for
the samples synthesized by the conventional method the combination
Zn and Mg promoted a house of cards arrangement of the lamellae. If
copper was present, agglomerates were composed of small particles in
the case of the sample prepared by ultrasonication, while a mixture of
small particles with well-defined crystals in the form of spikes can be
clearly seen in the sample conventionally prepared [36]. In the case of
copper-containing samples, the formation of smaller hydrotalcite par-
ticles was observed.

Table 3 compares the specific surface area of the samples. For
samples treated with ultrasound, the UZA sample presented the lowest
surface of 0.3m?/g and it increased to 0.7 m?/g when magnesium is
added, but a much higher value Of 4.0 m?/g is found when magnesium
is changed by copper. For samples prepared conventionally, the surface
areas increased much more, achieving a value of 14.4m?/g for the
sample containing copper. If the morphology is considered, the surface
areas are in accordance, and it is clear that the samples where the ar-
rangement was more ordered in stacked flakes, the areas were lower
than those where the arrangement was more irregular, as in house of
cards or with crystals in the form of spikes, resulting in solids with
higher surface areas.

3.5. Microbiological assays

The average area of Aspergillus niger colonies (cm?) and percentage
of colonized area (%) obtained for the different prepared samples are
listed in Table 4. The standard deviation values corresponding to the
results obtained in the microbiological tests varied between 0 and 1.7.
As mentioned, each row shows the test results for samples containing
equivalent Zn weights.

As can be seen in Table 4, all hydrotalcites exerted an inhibitory
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Fig. 3. SEM images of hydrotalcites synthesized by ultrasonication: a) UZA, b) UZMA, c) UZCA samples, and conventionally: d) CZA, e) CZMA, f) CZCA samples.
Magnifications are presented in increasing order from left to right at 1000, 5000 and 10000 X.

effect on the growth of A. niger. Each row corresponds to samples
having equal weight of Zn*2. By comparing the results obtained in both
series for samples containing equivalent weights of Zn?*, hydrotalcites
synthesized by the conventional method (C series) showed a greater
inhibitory capacity than those synthesized by ultrasonication (U series).
The better antifungal activity of the hydrotalcites synthesized by the
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conventional method could be attributed to the smaller crystallite sizes
of the C samples, where a better contact with the fungus were expected.
In addition, the morphology of the CZCA sample, characterized by a
mixture of small particles with well-defined crystals in the form of
spikes could favor the contact with fungus, and then, increasing its
antimicrobial activity. Also, this can be supported by the surface area of
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Table 4
Aspergillus niger culture growth at 120 h. Average of three measurements.

Journal of Environmental Chemical Engineering 6 (2018) 3376-3383

mg Zn.mL ™! Average area of A. niger colonies, (cm?) Percentage of colonized area, (%)
UZA UZMA UZCA CZA CZMA CZCA UZA UZMA UZCA CZA CZMA CZCA

Control 30.00 34.50 52.50 60.80

20 3.80 24.00 1.07 3.20 13.75 0 6.65 42.29 1.89 5.6 24.23 0

40 2.24 22.05 0 1.85 12.75 0 3.92 39.4 0 3.24 22.47 0

60 1.05 20.20 0 1.20 10.90 0 1.84 35.35 0 2.11 19.75 0

80 0.28 17.50 0 0 8.75 0 0.49 30.2 0 0 15.31 0

100 0 11.50 0 0 6.20 0 0 19.8 0 0 10.85 0

120 0 10.98 0 0 3.90 0 0 19.22 0 0 6.88 0

this sample which presented the higher value of 14.4 m?/g. The average
area of A. niger colonies and the percentage of colonized area for the C
series are significantly lower than for the U series. It is also important to
note that the growth of A. niger on the control plate corresponding to
the C series (34 cm? of colonized area or 60.80% of Petri dish coverage)
was higher than that observed in the U control plate (30.00 cm? of
colonized area or 52.50% of Petri dish coverage).

The images of microbiological tests performed to determine the
average area of A. niger colonies (cm?) and percentage of colonized
area (%) for U and C series are shown in Figs. 4 and 5, respectively. It is
evident that the C series demonstrated the greatest ability to inhibit the
growth and sporulation of the fungus.

With regard to the composition, Zn/Al hydrotalcites (Table 4, UZA
and CZA samples) showed strong inhibitory capacity against the fungal
strain. For the lowest zinc concentration used in the microbiological
test (20 mgm L™, a noteworthy reduction in colonized area of 87.3%
for UZA and 90.8% for CZA was reached with respect to the control
plate. Thus, UZA and CZA hydrotalcites demonstrated to be very ef-
fective in the control of A. niger growth even at a low zinc content. The
minimum inhibitory concentration (MIC) value or completed inhibition
was reached in hydrotalcites that contain above 80 mgm L™ of zinc.
Figs. 4b and 5b show fungal growth in UZA and CZA samples respec-
tively before reaching the complete inhibition of A. niger growth.

Hydrotalcites containing zinc-magnesium (UZMA and CZMA sam-
ples) exhibited the lowest biocidal capacity. For these samples, there
was no complete inhibition of A. niger growth even at the maximum
concentrations tested (equivalent weight of hydrotalcite containing
120 mg Zn.mL™%). The UZMA sample showed the minimum biocidal
capacity. According to the value shown in Table 4 obtained from the
microbiological test (Fig. 4c) for UZMA sample, 120 mg Zn.mL ™! pro-
duced only a 63.4% reduction in the colonized area with respect to the
control plate. The inhibition results for CZMA were more positive than
for UZMA sample. CZMA showed a decrease of 88.7% in the colonized
area using the equivalent weight of hydrotalcite containing 120 mg
Zn.mL-1 (Table 4 and Fig. 5¢). Certainly, the presence of magnesium
contributed to counteracting the inhibitory capacity of zinc, since
magnesium is essential for the growth of fungi. It is widely known that
magnesium is part of the synthesis of amino acids, nucleic acids and
ATP, and participates as cofactor in various enzymatic reactions, among

many other functions [37].

Copper-containing hydrotalcites (UZCA and CZCA samples) had the
best inhibitory effect (Figs. 4d and 5d). As can be seen in Table 4,
concentrations of 20.00 mg mL ™! of Zn — 15.21 mg mL ! of Cu in CZCA
hydrotalcites were enough to completely inhibit the growth and spor-
ulation of A. niger. Microbiological tests performed for CZCA at con-
centrations lower than 20 mgmL ™! showed that from 15mgmL~" of
zinc there was no evidence of fungus growth or sporulation. Then, this
concentration could be defined as MIC. In the UZCA test, a slightly
higher concentration of metals was required to achieve complete in-
hibition since for hydrotalcites containing 20 mg mL ™' of Zn?>*, some
colonies covered an area of 1.07 cm? (Table 4 and Fig. 4d). Thus,
bioassays using UZCA hydrotalcite concentrations of around
40 mgmL ™! of Zn-31.5mg mL ™! of Cu allowed preventing the growth
and fungal spore germination of A. niger (Table 4). The high antifungal
activity of copper can be attributed to its oligodynamic characteristics
and to the formation of small hydrotalcite particles providing, in one
hand, a better interaction of the solid surface with microorganisms
[10], and, on the other, to a faster release of ions to the fungal medium
due to high specific surface area of these materials [18]. Furthermore,
this high antifungal activity of copper compared to magnesium and zinc
containing compounds can be attributed, in the case of bacteria but
could also be considered for other microorganisms, to the following
propositions/causes: (i) oxidative stress induction, (ii) membrane da-
mage, (iii) particle internalization, and (iv) protein dysfunction and
DNA transcriptional arrest [38]. Instead, magnesium or zinc may favor
microorganism growth in small amounts [39].

4. Conclusions

Zn, Zn-Mg and Zn-Cu hydrotalcites showed an inhibitory effect on
A. niger growth. In this study, the biocidal capacity depended mainly on
the type of synthesis, the composition of the hydrotalcites and the
concentrations used in microbiological tests. The biocidal character-
istics of zinc and/or copper in conjunction with the alkalinity of these
materials were favorable for preventing fungal spread. The ZnAl hy-
drotalcite, the more eco-friendly material of the analyzed series,
showed a good biocide performance. The best antifungal behavior was
observed for copper-containing hydrotalcite. The advantageous

Fig. 4. A. niger growth for U series at 5 days. a) Control plate (without hydrotalcite). b) UZA sample containing: 80 mg of Zn. ¢) UZMA sample containing 120 mg of

Zn-24.4 mg of Mg. d) UZCA sample containing 20 mg of Zn-15.2 mg of Cu.
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Fig. 5. A. niger growth for C hydrotalcites at 5days. a) Control plate (without hydrotalcite). b) CZA containing 60 mg of Zn. ¢) CZMA containing 120 mg of Zn-
17.6 mg of Mg. d) CZCA containing 20 mg of Zn-15.7 mg of Cu.

particularity of these anionic clays is based on the possibility of se-
lecting the synthesis conditions for obtaining a product with pre-
determined properties. In this case, the tailoring of composition and
synthesis conditions led to obtaining solids that contain biocidal cations
fully dispersed into a nontoxic structure. Their excellent efficiency to
inhibit fungal development in an environmentally friendly way makes
these solids versatile materials that could fulfill specific technological
requirements oriented to preventing the deleterious effects of micro-
biological contamination. The formulation of paints, where the mate-
rials obtained in this work could be incorporated to prevent fungal
dissemination that causes damage to houses and buildings, affecting the
human health, will be the object of further studies.
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