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NANOSTRUCTURED MATERIALS

NOVEL STRATEGY FOR ONE-STEP PRODUCTION OF ATTENUATED
Ag-CONTAINING AgCu/ZnO ANTIBACTERIAL-ANTIFUNGAL
NANOCOMPOSITE PARTICLES

Tolga Cakmak,! Elif Emil Kaya,? Demet Kiigiik,> Burcak Ebin,!*
Onur Balci,? and Sebahattin Giirmen!-5
UDC 669.225;621.6.04;52-37

Novel strategies have been developed to comply with Registration, Evaluation, Authorization, and
Restriction of Chemicals (REACH) regulations to provide the same performances for antibacterial
and antifungal materials. The strategy for producing composite materials by attenuating the silver
(Ag) content and a one-step production technique without minimizing the antibacterial and
antifungal performance was developed. In this study, attenuated spherical Ag containing spherical
AgCu/ZnO nanocomposite particles have been synthesized from an aqueous solution of silver nitrate
(AgNO;), copper nitrate (Cu(NO;), - 3H,0), and zinc nitrate (Zn(NO3), - 7H,0) by a facile one-step
ultrasonic spray pyrolysis and hydrogen reduction (USP-HR) method. Characterization of
AgCu/Zn0O nanocomposite particles was carried out by various techniques such as X-ray diffraction
analysis (XRD), scanning electron microscopy (FEG-SEM), energy dispersive spectroscopy (EDS),
and transmission electron microscopy (TEM). The structural analysis showed that AgCu/ZnO
nanocomposites were composed of face-centered cubic Ag, face-centered cubic Cu, and hexagonal
Zn0 phases. Antibacterial and antifungal properties of nanocomposite particles against Escherichia
coli and Aspergillus niger were investigated by agar medium and broth medium methods. The
obtained results indicate that produced nanocomposite particles possess antibacterial and
antifungal properties (100%). The attenuated Ag in the AgCu/ZnO nanocomposite particles has the
usage potential in different areas of the textile industry. In particular, the research on utilizing this
nanocomposite in hand-made fiber production as an additive is of very high interest.
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INTRODUCTION

The nanocomposite is generally defined as the combination of the nanostructured materials, mostly
nanoparticles, embedded in a matrix to modify and manipulate the features for enhanced effect and
multifunctionality [1, 3]. In the last decades, inorganic nanocomposite particles have attracted increasing attention
due to the unlimited ability to design superior materials with controllable physical and chemical properties for
specific applications. They are promising candidates for application as catalyzers and photo-catalyzers in the
chemical industry, as well as semiconductors and magnetic materials in electronic and aviation industries [4—7].
However, these advanced materials should be compatible with the regulations of Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) to be used in the European Union (EU). REACH is a
regulation of the EU that addresses the production and use of chemical substances to reduce the possible risks and
improve the protection of human health and environment [8]. Nanocomposite technology reveals new opportunities
to solve bacterial and fungal health and environmental issues through advanced materials with improved
antimicrobial properties for biomedical applications [6, 7, 9—14]. The desired properties of nanocomposite particles
are developed by manipulating shape, particle size, chemical composition, surface composition, and surface atomic
arrangement, which can be controlled by production method [15, 16].

Many methods have been used for the production of nanocomposites. Among them, the ultrasonic spray
pyrolysis (USP) technique has been rarely applied for this purpose, although it is a promising method to produce
metal/metal oxide nanocomposite particles since the desired chemical composition of the particles and the particle
size can be controlled through process parameters. The significant factors of the USP method are precursor type,
precursor concentration, reaction atmosphere, carrier gas flow rate, and reaction temperature. In addition, smaller
particle size, spherical morphology, and chemical uniformity of particles are the other advantages of the method
[16-21]. Spherical silver/zinc oxide (Ag/ZnO) nanocomposite particles were produced at 700-900°C by the USP
process using an aqueous solution of silver nitrate and zinc nitrate as a precursor under 0.5 L/min air flow for
photocatalytic applications [16]. This method was also applied to prepare Fe/metal oxide nanocomposite particles at
600 and 800°C from an aqueous solution containing magnesium nitrate and iron (III) nitrate using hydrogen as a
carrier gas and reducing agent [20].

Numerous studies on the application of antifungal and antibacterial materials have been performed in recent
years [22]. Silver (Ag), copper (Cu), and zinc oxide (ZnO) have become the focus of such intensive research due to
their antifungal and antibacterial properties against preventing the growth of bacteria and fungus [13, 23]. Copper is
known to be used to prevent the formation of algae at the bottom of vessels since very early times [22—24]. Nowadays,
it is used to inhibit microbial growth in the medical and the textile industry [25, 26]. Similarly, Ag is used as an
antibacterial agent in textile industry, medical devices, and surface coating of metals and polymers [27-31].
Recently, the ZnO-based nanostructures have attracted considerable interest due to antimicrobial activities against
bacteria [32]. Ultimately, concerning lower costs, atmospheric stability of the material, compatibility with human
skin, and self-cleaning ability of ZnO nanoparticles, the comparison with Ag nanoparticles is quite reasonable [33,
34]. Moreover, the shape and the size of the nanocomposite particles considerably influence the antibacterial and
antifungal properties, and the nanoparticles have been proven to express the strongest bactericide influence [32].

The purpose of this study was to develop an antifungal and antibacterial nanocomposite material with
reduced Ag content, which can be used in advanced textile products. Since no previous studies have been reported
on the synthesis of AgCu/ZnO nanocomposite by ultrasonic spray pyrolysis and hydrogen reduction (USP-HR)
method, this study aimed at preparing the antifungal and antibacterial particles in a single-step way with a
controlled Ag content and particle morphology. The properties of the samples were analyzed to investigate the
effects of the Ag content in the particles on their antibacterial and antifungal performance.

EXPERIMENTAL PROCEDURE

AgCu/ZnO nanocomposite particles were synthesized utilizing an aqueous solution of silver nitrate
(AgNOy), copper nitrate (Cu(NOs), - 3H,0), and zinc nitrate (Zn(NOs), - 7H,0) under 500 mL/min H, flow rate at

600°C reduction temperature. The nitrate salts (all from Merck) were dissolved in deionized water and stirred by a
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TABLE 1. Experimental Parameter

Code Agt(M) Cu?t (M) Zn2t (M) Temperature, °C
S1 0.1 0.1 0.1 600
S2 0.025 0.1 0.1 600
S3 0.025 0.2 0.2 600
S4 0.025 0.2 0.4 600

magnetic mixer for 30 min. Metal concentration in the precursor was between 0.025 and 0.4 mol/L. Details of the
experimental parameters for the synthesis of AgCu/ZnO nanocomposite particles are given in Table 1. Nitrogen
with a 250 mL/min flow rate was used to remove the oxygen and create an inert atmosphere in the experimental set-
up before and after the reduction process due to the safety regulations. The precursor was atomized by an atomizer
frequency with 1.3 MHz into a fine mist and carried into the preheated furnace by 500 mL/min hydrogen gas flow.
The reduction of aerosol droplets occurred at 600°C in the electrically heated furnace with the heating zone of
0.25 m and the diameter of the quartz tube of 0.02 m.

X-ray diffraction patterns were obtained for crystal structure determination of alloy particles by Philips-1700
X-ray diffractometer applying the Cu-K, radiation. The AgCu/ZnO nanocomposite particle morphology was
revealed by field emission scanning electron microscopy (FE-SEM, Jeol JSM 700F). The synthesized
nanocomposite powders were first dispersed in ethanol and inserted in an ultrasonic bath for 15 min. Afterward, the
suspension was placed dropwise into a brass sheet to obtain a thick film, which later was coated by platinum for
scanning electron microscopy (SEM) analysis. Chemical compositions of particles were analyzed by energy
dispersive spectroscopy (EDS). Besides, particle size and morphology of the samples were investigated by
transmission electron microscopy (Jeol JEM-2200FS TEM). The AgCu/ZnO nanocomposite particles in ethanol for
TEM analyses were drop-cast onto the molybdenum TEM grid and then used for analyses.

The antibacterial and antifungal activities of AgCu/ZnO nanocomposite particles were evaluated according
to ASTM E 2149-01 and AATCC 30 standard test methods. ASTM E 2149-01 test method is applied to determine
the antimicrobial activity of immobilized antimicrobial agents under dynamic contact conditions. The AgCu/ZnO
nanocomposite particles were evaluated for the antibacterial performance against E. coli. The bacterial
concentration transferred to each sample weighing 1 g was calculated as 4.15 x 105 colony-forming unit (CFU).
The bacterial cultures were incubated for 24 h at 37°C. The reduction in bacterial counts was determined by visual
observation. AATCC test method is preferred to evaluate the resistance of materials against mold and rot. In this
method, samples are incubated with Aspergillus niger fungus in a petri dish, and eventually, the presence and
absence of bacteria are investigated in the samples. A 1 mL solution containing antibacterial material was dropped
on the prepared fungus to indicate the inhibition activity of nanocomposite particles, and a clear area around the
nanocomposites was detected after one day. The reduction in Aspergillus niger counts was determined by
comparing the control specimen.

RESULTS AND DISCUSSION

Thermodynamic Analysis of Ag, Cu, and ZnO Nitrate Salts. The thermodynamic reaction for hydrogen
reduction of Ag, Cu, and ZnO nitrate salts can be described as in Egs. (1)-(3):

AgNO; + Hypy = Ag + H,0+ NOy (1)
Cu(NO3), + 2Hyp) — Cu + 2H,0+ 2NOy, 2)

The thermodynamic expectation was computed by HSC software. Figure 1 shows the Gibbs free energy for
the temperature range of 0—1000°C. As can be seen, the Gibbs free energy is negative between 0 and 1000°C. This
allows for silver and copper to be formed by the hydrogen reduction of silver and copper nitrates and zinc oxide by
decomposition of zinc nitrate, which is energetically favored at 600°C.
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Fig. 1. Gibbs free energy change of decomposition reaction for silver, copper, and zinc nitrate at
elevated temperatures
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Fig. 2. XRD analyses of AgCu/ZnO nanocomposite particles: the codes S1, S2, S3, and S4 are
described in Table 1

Structural Characterization of AgCu/ZnO Nanocomposite Particles. The X-ray diffraction patterns of
AgCu/ZnO nanocomposite particles were recorded in the range of 20—80° and given in Fig. 2. The peak at 26 =
=38.08°, 44.36°, 64.26°, and 77.30° are assigned to the (111), (200), (220), and (311) reflection lines, respectively,
which confirms the formation of the face-centered cubic structure of Ag corresponding to JCPDS Card No. 01-087-
0719. The FCC Cu-phase at 20 = 43.64°, 50.80°, and 74.42° coincide with (111), (200), and (220), respectively,
which is following the JCPDS Card No. 04-0836. The planes (100), (002), (101), (102), (110), (103), (112), (201),
and (202) of hexagonal wurtzite ZnO phase are observed at 20 = 31.74°, 34.37°, 36.23°, 47.37°, 56.68°, 62.88°,
67.97°, and 69.13°, respectively, which comply with the JCPDS Card No. 01-079-2205. Although ZnO peaks are
slightly observed for sample Ag: Cu:Zn=0.1:0.1:0.1, its’ diffraction pattern disappeared with the decrease in
Ag concentration to 0.025 M. Thus, a low amount of Ag did not show any catalytic effect on the decomposition
reaction of the Zn(NO,), to ZnO. When Zn?" concentration was increased in the precursor from 0.1 M to 0.4 M, the
XRD peaks of ZnO became more apparent. Results show that AgCu/ZnO nanocomposite particles were synthesized
successfully, and no other phases, such as decomposed nitrate phases, were detected in the samples. Although the
EDS analysis of the sample S2 (Ag":0.025 M, Cu?*:0.1 M, and Zn?":0.1 M) in Figs. 3 and 4 showed the existence
of Zn in the sample, and no ZnO peaks were observed in the XRD patterns.

Morphological Characterization of AgCu/ZnO Nanocomposite Particles. The morphology of AgCu/ZnO
nanocomposite was revealed by SEM (Fig. 5) and TEM analysis (Fig. 4). Figure 5 shows the SEM micrographs of
AgCu/ZnO nanocomposite particles prepared by the USP method from Cu, Ag, and Zn nitrate salts at 600°C. It is
seen that the molar ratio of Cu, Ag, and Zn nitrate salts in the precursor affect the morphology of nanocomposite
particles.
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Fig. 4. TEM and EDS mapping results of AgCu/ZnO nanocomposite particles
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Fig. 5. SEM analyses of AgCu/ZnO nanocomposite particles

As seen from SEM images, metallic silver could have a binder effect for the nanocomposite particles at
600°C because the reaction temperature was higher than the Tammann temperature (half of the melting
temperature) of Ag (7,,,, Ag ~ 962), which is considered as the beginning of effective sintering. All samples exhibit
nearly spherical morphology. However, as the concentration of Zn increases, the surface morphology of
nanocomposite particles seems to be needled due to the hexagonal growth of ZnO nanostructures. EDS analyses of
the nanocomposite particles are given in Fig. 3.

The presence of Ag, Cu, Zn, and O was affirmed by EDS analysis. Any possible impurities, such as
nitrogen, were not detected in the EDS spectrums due to undecomposed reactants. Table 2 shares the atomic
percentages of the confirmed elements and chemical composition of the samples nearly the same with the starting
solution concentrations.

TEM analyses clearly indicate that size of AgCu/ZnO nanocomposite particles is in the submicron size
range between 350 and 800 nm. These particles were formed by aggregation of the primary nucleated
nanostructured crystallite with the range around 20 to 40 nm. The spherical nanocomposite particles consisting of
Ag, Cu, and ZnO show a quite uniform distribution in accordance with elemental mapping analyses as shown in
Fig. 4.

TABLE 2. Chemical Composition (at.%) of AgCu/ZnO Nanocomposite Particles

Code Ag Cu Zn O
S1 23.83 21.24 10.89 44.03
S2 8.78 35.34 8.07 47.81
S3 3.87 28.09 19.01 49.04
S4 1.16 15.80 33.34 49.71

TABLE 3. The Value of Antibacterial Activity of Nanocomposite Against E. coli Bacteria after 24 h

The code of specimen Bacterial reduction, % The code of specimen Bacterial reduction, %
Untreated reference sample +140.96 2 ~100.00
1 —100.00 3 —100.00
4 —100.00
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Fig. 6. Antibacterial activity measurement of AgCu/ZnO nanoparticles

Antibacterial and Antifungal Properties of AgCu/ZnO Nanocomposite Particles. The measurements of
antibacterial and antifungal performance were made with AgCu/ZnO specimens showed in Table 1. The
antibacterial activity of the nanocomposite materials defined in Table 1 was assessed against E. coli (gram-
negative) bacteria (ATCC 35218) via planting the bacteria to the agar medium under dynamic contact conditions
according to ASTM E 2149-01 standard. The measurement was performed after incubation at 37°C for 24 hours.
This test standard is suitable for this kind of particles which do not tend to migrations. The antibacterial activity of
these particles against E. coli bacteria is presented in Table 3 and Fig. 6.

In order to accept a sample as antibacterial, bacterial growth should not occur around, above, or below the
sample. Besides, the size of the protection zone of the sample was the signal for the antibacterial activity. When
examining Fig. 6, it was established that bacteria did not grow. The results given in Table 3 and Fig. 6 allow stating
that the produced nanoparticles have high and significant antibacterial performance.

Starting specimens Specimens atter 24 h

Fig. 7. Antifungal performance of specimens according to AATCC 30 method against Aspergillus
niger: a) control specimen; b, ¢, d, and e) code 1, 2, 3, and 4, respectively
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The antifungal activities of the particles were tested against Aspergillus niger fungi via planting the bacteria
to the agar medium according to AATCC 30 Standard. Similar to antibacterial activity assessment, in order to
accept a sample as antifungal, bacterial growth should not occur around, above, or below the sample, and the
increment in the size of the protection zone of the sample was the signal that the antifungal activity increased. The
test results of novel nanocomposites are given in Fig. 7.

The results of comparing the control sample and produced particles allow stating that the samples showed
high antifungal activity due to no fungal growth under and around the particles. Also, the level of the activity
demonstrated differences depending on the chemical structure of particles.

CONCLUSIONS

AgCu/ZnO nanocomposite particles were successfully synthesized via hydrogen reduction assisted by
ultrasonic spray pyrolysis method in one step at 600°C using an aqueous solution of silver/copper/zinc nitrates as a
precursor. The amount of silver was reduced in the developed nanocomposite material following its cost and
ecotoxicological effects. The effects of various precursor concentration on the morphology and crystal structure of
the AgCu/ZnO nanocomposite particles were investigated.

Electron microscopy studies revealed that the primary nucleated particle sizes of nanocomposites vary
between 20 and 40 nm, and aggregation of the primary particles formed the nanocomposite particles with a size
range between 350 to 800 nm with uniform morphologies. The elemental composition of the particles can be
controlled by changing the metal concentrations of the precursor solutions, and resulted composition has
homogeneous distribution in the particle structure.

The prepared nanocomposite particles consist of three crystal structures, which are face-centered cubic Ag,
face-centered cubic Cu, and hexagonal ZnO phases. Furthermore, the elimination of 100% bacteria was achieved by
all synthesized nanocomposite samples. According to the solid medium and liquid medium test methods, they have
also antifungal properties.

The antibacterial and antifungal activity of nanocomposite was not negatively affected by decreased Ag
concentration in precursor due to the positive impact of the Cu and ZnO. Moreover, it is worth emphasizing that
textile applications of nanocomposites synthesized by reducing silver content are promising to eradicate the target
bacteria and fungi.

Improved antibacterial (ASTM E 2149-01) and antifungal (AATCC 30) performance of AgCu/ZnO
nanocomposite particles demonstrated that AgCu/ZnO nanocomposite particles could be used as antibacterial and
antifungal agents in various area.
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