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Abstract

Herein we report the synthesis of composites containing nanobio silver, ZnO and phytochemicals in different Ag/Zn molar
ratios. First, Ag nanoparticles were prepared using red cabbage extract and then they are covered with zinc oxide obtained
also in the same extract by precipitation method. The antimicrobial activity of synthesized nanocomposites was tested against
Staphylococcus aureus, Streptococcus, Escherichia coli, Pseudomonas and Candida clinical isolates and compared with that
of ZnO functionalized with anthocyanins. The presence of nanobio silver into the nanocomposites enhanced the bactericidal
properties demonstrated by slightly larger diameters of growth inhibition zone and lower minimal inhibitory concentrations.
S. aureus and Streptococcus strains were more sensitive than the other strains and fungi both for Ag—ZnO nanocomposites
and ZnO functionalized with anthocyanins. Also, the presence of silver in the nanocomposites leads to an improved pho-
tocatalytic activity (PA) confirmed in the bleaching of Congo red solution. The PA increases with silver content when Ag
content is low (up to 1/12 Ag/Zn molar ratio), but decreases significantly for high silver concentration (1/7 Ag/ZnO molar
ratio) in the Ag—ZnO nanocomposites.

Keywords Ag—ZnO nanocomposites - Biosynthetic method - Nanobio silver - Photocatalytic activity - Antimicrobial
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1 Introduction

The synthesis of silver nanoparticles in vegetal extracts

(“nanobio silver”) is one of the most reliable applications of

biotechnology in the inorganic nanomaterials domain [1-3].

Electronic supplementary material The online version of this This kind of synthesis, in which are used natural compounds

article (https:/doi.org/10.1007/s10904-019-01166-4) contains acting both as reducing and stabilizing agents, is a bottom-

supplementary material, which is available to authorized users. up approach that leads to nanoparticles with lower toxicity
and enhanced biocompatibility [2].

The interest for Ag nanoparticles is related to their appli-

cations in medicine, electronics, catalysis, as optical biosen-
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Nanobio silver was obtained using various vegetal
extracts, e.g. leaves of Alstonia scholaris [5], flowers of
Osmanthus fragrans [6], seeds of Artocarpus heterophyllus
Lam. [7], fruits of black elderberry [4], marine red alga Lau-
rencia catarinensis [8], etc. Several vegetables from Bras-
sicaceae family, known for their antioxidant, antimicrobial,
anticancer and antifungal properties, were also used for Ag
nanoparticles synthesis [1, 7, 9, 10]. Due to their reducing
properties, the phytochemicals can act as reducing agents for
Ag(I), but they can also act as capping agents avoiding silver
nanoparticles aggregation, which considerably affects their
chemical and antibacterial properties [11].

Another approach to hamper the Ag nanoparticles aggre-
gation is to cover them with a layer of metal oxide (ZnO,
MgO, Ca0), the core—shell morphology offering a large sur-
face to volume ratio [11]. The composites containing noble
metals and metal oxides are of interest for applications like
drug delivery, photocatalysis, solar cells, etc. and their prop-
erties are influenced by their structure and morphology [12].

Zinc oxide was also obtained in a wide variety of veg-
etal extracts and unlike metal nanoparticles, in this case the
phytochemicals act only as template and capping agents.
Thus, various shapes of ZnO nanoparticles were obtained
by changing the natural compounds [13, 14] and during the
synthesis the vegetal pigments can bind to the ZnO nano-
particles surface forming colored ZnO nanopowders [15].

Several reports highlighted for Ag—ZnO composites,
synthesized by varied routes (sol-gel, hydrothermal, photo-
chemical, etc.), gas sensing, optical, antimicrobial and pho-
tocatalytic properties [16—19]. The antibacterial activity and
its mechanism were also described [11, 20, 21] and a syn-
ergistic antibacterial effect of this kind of nanocomposites
was demonstrated [18].

Herein we report the synthesis of anthocyanins capped
Ag—7n0 nanocomposites with different Ag/Zn molar ratios
containing Ag nanoparticles prepared by reduction of Ag(I)
in aqueous red cabbage extract (RCE), followed by their cov-
ering with blue ZnO obtained by chemical precipitation in
the same extract. The antimicrobial properties of nanocom-
posites were assessed against bacteria and fungi. Also, their
photocatalytic properties were tested in the degradation of
Congo red (CR) azo dye.

2 Experimental
2.1 Materials

The reagents of high purity were obtained from
Sigma-Aldrich (silver nitrate, AgNO;; zinc acetate,
Zn(CH;CO00),-2H,0; methanol 99.8%, CH,OH; CR) and
Loba Chemie (sodium hydroxide, NaOH), and were used as
received, without further purification. CR (C.I. Direct Red

28, MW =696.67 g/mol, C;,H,,N;O4S,Na,) is the disodium
salt of 3,3'-([1,1'-biphenyl]-4,4'-diyl)bis(4-aminonaphtha-
lene-1-sulfonic acid). Red cabbage (Brassica oleraceae) was
purchased from Romanian local market.

Antimicrobial activity of powders was investigated using
bacterial strains (Staphylococcus—hemolytic, isolated from
ocular infection and ocular secretions, Streptococcus—beta-
hemolytic, isolated from throat infection, Escherichia coli
isolated from urinary tract infection, Pseudomonas isolated
from ear secretions), and Candida strains (Candida albicans
isolated from throat and mouth infection).

2.2 Synthesis of Ag-ZnO Nanocomposites

The red cabbage leaves were washed with distilled water and
dried. On 100 g of small pieces of red cabbage leaves were
added 200 mL of distilled water and kept in a microwave
oven (Merck Microwave Oven) for 5 min at 1000 W. The
hot resulted mixture was filtered through a cotton pad and a
purple solution was obtained (RCE).

Different quantities of AgNO;—i.e. 0.0255 g (0.15 mmol)
for Ag-ZnO 1, 0.034 g (0.2 mmol) for Ag—ZnO 2, 0.051 g
(0.3 mmol) for Ag—ZnO 3, and 0.51 g (3 mmol) for Ag—ZnO
4, were dissolved in 50 mL of RCE and the resulted solu-
tions were magnetically stirred for 1 h, at 60 °C. In all cases
a dark brown colloidal solution was obtained.

Four solutions resulted by dissolving each 6.6 g
Zn(CH;COO0),-2H,0 (30 mmol) in 50 mL RCE were mixed
with the Ag colloidal solutions, under magnetic stirring at
room temperature. After 15 min of stirring, a 1 M NaOH
aqueous solution was added drop by drop in each mixture,
till pH 8. Further, the mixtures were heated at 80 °C, under
magnetic stirring, for 2 h. The blue-gray powders (Ag—ZnO
1, Ag-Zn0O 2, Ag-Zn0O 3), respective the dark brown one
(Ag—ZnO 4) were filtered off, washed with water, and dried
in air at room temperature.

For comparison, we also synthesized ZnO functionalized
with anthocyanins, by one-pot precipitation method, in the
RCE, at pH 8, using a slightly modified published procedure
[15].

2.3 Characterization of Nanocomposites

The synthesized nanocomposites were investigated by X-ray
diffraction (XRD) performed on a Rigaku Miniflex 2 dif-
fractometer with Ni filtered Cu Ka radiation, in the range
of 20°-70° 26, scan rate of 2°/min and a step of 0.02°. The
morphology of powders was analyzed using a Tescan Vega
3LMH scanning electron microscope (SEM), equipped
with a back-scattered electron (BSE) detector. In order to
identify the materials composition, energy dispersive X-ray
spectroscopy (EDX) analysis was performed on the SEM
equipped with a Bruker X-ray energy dispersive detector.
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The investigation by transmission electron microscopy
(TEM) was performed on a Philips CM 120 ST transmission
electron microscope operated at 100 kV, with 2 A resolu-
tion. The FTIR spectra were recorded on a Bruker Tensor 27
spectrometer using KBr pellets technique, in the wave num-
ber range of 400-4000 cm™!. The UV-visible diffuse reflec-
tance spectra were recorded in the range of 220-850 nm, on
a Jasco V 550 spectrophotometer with an integrating sphere
using MgO as the reference. The same spectrophotometer
was also used for performing UV-visible spectra of solu-
tions (200-900 nm).

2.4 Antimicrobial Activity

The antimicrobial activity of nanocomposites containing
nanobio silver, ZnO and phytochemicals was estimated by
the disk diffusion method [22]. Bacterial strains were grown
on Trypticase soy broth (TSB, Fisher Scientific) for 16-24 h.
Candida strains were grown on Sabouraud dextrose broth
(SDB, Lab M) for 16-24 h. The bacterial strains were inocu-
lated by spreading overnight culture on Muller Hinton agar
(MHA, Thermo Scientific). Thereafter, wells (d=9 mm)
were performed on MHA by using a sterile test tube. The
same procedure was used for Candida and diffusion test
was performed on Sabouraud dextrose agar (Lab M). The
powders were dispersed (1 g/L) in a solution of methanol in
water (20% v/v) and 100 pL of each sample were pipetted
into wells. Inoculated plates were kept at room temperature
for 1 h to allow the diffusion of nanoparticles. Subsequently,
plates were incubated at 37 °C for 48 h. The width of inhibi-
tion zone was measured after the incubation period.

The minimal inhibitory concentration (MIC) was esti-
mated by macrodilution broth method [23-25]. Serial dilu-
tions of each sample were prepared in TSB for bacterial
strains and in SDB for Candida strains with concentration
ranging from 5 to 320 pg/mL. 10 pL of cell suspensions
(with density between 2 x 10° and 2 x 10° CFU/mL) were
inoculated in test-tubes containing TSB (for bacterial strains)
and SDB (for Candida strain) and increasing concentrations
of each sample. The test tubes were incubated at 37 °C and
MIC was determined after examination of turbidity as the
highest concentration of sample without visible growth. All
biological experiments were performed in triplicates.

2.5 Photocatalytic Activity

The photocatalytic properties were tested in the degrada-
tion of CR azo dye. The photocatalytic experiments were
performed following the procedure published in our previ-
ous papers [26, 27], by using a halogen lamp of 45 W. The
maximum of absorption for initial CR solution was iden-
tified at 497 nm. The photodegradation was estimated by
C/C,ratio (where C, and C,, are the concentrations of CR at
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certain time, ¢, and initial concentration, respectively). The
efficiency of nanocomposites as photocatalysts was evalu-
ated by the photocatalytic activity (PA):

CO - Ct AO - At
PA = —— x 100 = —— x 100, (1)
Co A
where A, A, are the absorbance value for CR solutions when

the reaction time is O and ¢, respectively (based on Lam-
bert—Beer law) [27].

3 Results and Discussion
3.1 Characterization of Nanocomposites

The crystalline phases were identified by XRD (Fig. 1).

Zinc oxide crystallized in the hexagonal wurtzite struc-
ture (JCPDS 36-1451) was evidenced in all analyzed sam-
ples [18, 28]. The crystallite size for ZnO particles has been
determined from the XRD data using Rigaku PDXL soft-
ware based on Scherrer’s equation [29] from (1 0 1) dif-
fraction Bragg reflection. The calculated values are 31 nm
(Ag-Zn0O 1), 24 nm (Ag—ZnO 2), 22 nm (Ag—ZnO 3), and
16 nm (Ag—ZnO 4). It is interesting to remark that all values
are smaller compared to ZnO crystallite size (40 nm) and
decrease with the Ag content.

The synthesis of Ag nanoparticles is confirmed by the
diffraction peaks at 38.116° (1 1 1), 44.277° (2 0 0), and
64.426° (2 2 0), characteristic for cubic silver (JCPDS
04-0783), which intensity increases from Ag—ZnO 1 to
Ag—7Zn0 4, with the Ag content [30]. A peak with low inten-
sity, positioned around 33.5°, can be observed for Ag—ZnO
1, Ag-ZnO 2, and Ag-ZnO 3 samples. This peak results
as an overlap between two peaks, i.e. at 33.30° (1 1 1) and
34.13° (3 0 0), which are characteristic for Ag,CO; phase
(JCPDS 31-1237). By increasing the Ag content, this peak
has disappeared. The synthesis of silver compounds during
the Ag nanoparticles biosynthesis was also reported by other
authors [31].

The morphology of nanopowders was revealed by SEM
investigation. The SEM images obtained via BSEs detector
illustrate the agglomeration of ZnO nanoparticles around the
Ag nanoparticles (Fig. 2). The resulted agglomerations are
in the range of 100—-400 nm, as it was estimated from SEM
micrographs (Supplementary material).

The Ag/Zn molar ratios were calculated from EDX data
(Table 1). Their values are superior to the reagents’ ratio,
demonstrating a higher yield for Ag nanoparticles synthesis
in comparison with ZnO formation. The identification of
a low silver content by XRD can be due to the presence
of Ag(I) compounds (i.e. Ag,CO;) both in amorphous and
crystalline phases.
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The TEM images confirm the agglomeration of nano-
particles in bigger aggregates, consisting in flake-like ZnO
nanoparticles clustered probably around Ag nanoparticles,
as it is illustrated for Ag—ZnO 3 sample (Fig. 3). The flake-
like shape for anthocyanins functionalized ZnO nanoparti-
cles was also identified in a previous study, in absence of Ag
[15]. However, for higher Ag concentration, TEM images
revealed a different morphology, with smaller ZnO aggre-
gates decorated with Ag nanoparticles (Fig. 3).

The synthesis of Ag nanoparticles was noticed by the
change of RCE color. The intense color of the silver nano-
particles dispersions is due to the plasmon resonance absorp-
tion, which is influenced by the particles size and shape [32].

The color change in time was evidenced by UV—-vis spec-
troscopy. The fast disappearance of the band assigned to
anthocyanins from 553 nm and the occurrence of a new and
intense band at 442 nm, and then at 452 nm can be seen in
UV-vis spectra (Fig. 4a). The intensity and position of band
assigned to Ag are dependent on the quantity and dimen-
sion of nanoparticles, moving to higher wavenumbers with
increasing size [32, 33].

In addition to the usual phytochemicals in a vegetal
extract, including the biopolymers which can act as a tem-
plate, the presence of anthocyanins, with remarkable anti-
oxidative properties, is an advantage for the silver synthesis
in the RCE. Furthermore, the color of nanocomposites is
influenced by the anthocyanins. The optical properties of
Ag—-7Zn0O nanocomposites were studied by UV—vis diffuse
reflectance spectroscopy.

The electronic spectra of Ag—ZnO 1, Ag-ZnO 2, and
Ag—7Zn0 3 are quite similar with that of ZnO nanopowder
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functionalized with anthocyanins (Fig. 4b). In UV domain,
the most intense band is in 330-360 nm wavelength domain,
being assigned to the excitonic absorption of ZnO [15, 18].
The position of bands depends on the composition of sam-
ple and can be correlated with the particles dimension. The
presence of silver is just slightly visible as a shoulder around
400 nm, because the band characteristic to Ag overlaps more
intense ones of ZnO. The intensity of shoulder increases
from Ag—ZnO 1 to Ag—ZnO 3, the unexpected low intensity
for Ag—ZnO 2 being correlated with the existence of silver
in ionic form. In visible domain, an intense absorption from
610 nm, is assigned to anthocyanins in blue form, which are
linked to the zinc oxide particles [15, 34]. The spectrum of
Ag-7Zn0O 4 sample is very different, because of the highest
quantity of Ag. It can be noticed a continuous absorption in
visible domain, with a maximum at 443 nm, in correlation
with its dark brown color. Similar shapes of UV-vis spectra
were reported for other Ag—ZnO composites with high Ag
content [18]. The blue color of Ag—ZnO samples confirmed
the presence of anthocyanins bonded in blue form to nano-
particles surface, but the red cabbage aqueous extract con-
tains other organic compounds which can be also involved in
the synthesis of Ag nanoparticles, similar with the obtaining
in white cabbage extract [1, 10].

The values of band gap energy (E,) for synthesized
nanocomposites were calculated from the UV-vis spec-
tra, using the Tauc equation [35]. The band gap energy
for studied ZnO nanoparticles (Fig. 5) can be correlated
with particles dimension and their structural characteris-
tics [36]. As it can be seen in Fig. 5, the band gap energy
value increases with the Ag content. For all samples, the
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Fig.2 SEM images for Ag—ZnO powders: a Ag—ZnO 1, b Ag—ZnO 2, ¢ Ag—ZnO 3 and d Ag-ZnO 4

Table 1 Ag/Zn molar ratio for

. Samples Silver:zinc
Ag—7Zn0O composites molar ratio
Ag—7Zn0O 1 1:37
Ag-7Zn0 2 1:30
Ag—7Zn0O3 1:12
Ag-7Zn0O 4 1:7

value of E|, is superior to that determined for ZnO nanopo-
wder functionalized with anthocyanins. This variation can
be correlated with the decrease of the crystallites dimen-
sion with the Ag content, as it was demonstrated by XRD.
The TEM images demonstrated a decrease of aggregate
dimensions too. This behavior may be considered as an

@ Springer

indirect effect of the functionalization of ZnO with Ag
nanoparticles. The irregular value for Ag—ZnO 2 could be
explained by the presence of silver as Ag(I).

In the FTIR spectra of Ag-ZnO samples (Fig. 6) very
strong bands around 460 cm™' characteristic to ZnO with
wurtzite structure can be observed. The profile of bands
depends on the shape of ZnO particles, the dielectric con-
stant of the matrix in which material is diluted, and the
particles aggregation [37, 38]. For all Ag—ZnO samples,
a similar profile of spectra in the 400-500 cm™! domain
can be observed. The different band position is due to the
change in the shape and aggregation of ZnO nanoparticles
with the silver content, as it was demonstrated by XRD
and TEM images.
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Fig.4 Color changes of the reagents mixture during the synthesis of Ag nanoparticles, in the first 10 min (a). UV—-vis spectra of Ag—ZnO nano-
composites, in comparison with ZnO functionalized with anthocyanins (b) (Color figure online)

The bands assigned to organic compounds are weaker
compared with those of ZnO. The most characteristic vibra-
tions attributed to anthocyanins can be found in the wave
number range of 1000-1050 cm™" and 1600-1650 cm™". In

comparison with the anthocyanin extract [39], the maximum
of infrared absorption bands is shifted, probably because
of the blue anthocyanins’ coordination at the surface of
inorganic particles. The bands at 1410 cm™! and 1581 cm™!
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Fig.6 FTIR spectra of Ag—ZnO samples

can be assigned to residual acetate group (v,,COO and
v,COO0), as they were also identified for other zinc binary
compounds obtained from zinc acetate precursor [36]. These
bands are overlapped with the strong bands assigned to car-
bonate (found in Ag,CO, spectrum around 1449 cm™' and
1382 cm™' [40]), which explains their different shape, posi-
tion and intensity. Thus, the band from 1581 cm™! is stronger
for Ag-ZnO 1, Ag-ZnO 2, and Ag-ZnO 3, compared to
Ag—7nO0 4. Furthermore, in Ag—ZnO 4 the band is shifted
to 1610 cm™!. These differences are due to the dissimilar
content of Ag,CO,, also identified by XRD in Ag-ZnO 1,
Ag-7n0 2, and Ag-ZnO 3.

The presence of water molecules and hydroxyl groups,
which are most probably associated by hydrogen bonding,
is evidenced in all spectra by a broad absorption band in the
range of 3200-3600 cm™! [15, 39, 41, 42].
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3.2 Antimicrobial Activity

The antibiotic resistance of bacterial strains, fungi and para-
sites is a current very serious problem to health care and
food technology. It was demonstrated that for microbes is
difficult to acquire resistance toward nanoparticles as they
target multiple bacterial components, contrary to the anti-
biotics [11]. Besides the advantage of the synergic effect in
composite materials, silver containing nanocomposites can
provide a slow release of silver ions [3]. The antimicrobial
activity of anthocyanins was also highlighted [43]. For these
reasons, the Ag-based composite materials can be consid-
ered suitable silver carriers.

The antimicrobial activity of Ag—ZnO samples was com-
pared with that of ZnO functionalized with anthocyanins.
The differences between prepared composite samples consist
in: (i) the size of ZnO crystallites, which decrease from ZnO
to Ag-ZnO 4, with the increase of Ag content, (ii) the value
of Ag/ZnO ratio—the Ag content increases continuously
from Ag-ZnO 1 to Ag-ZnO 4, (iii) the oxidation state of
silver—at low concentrations, i.e. in Ag—ZnO 1, Ag—ZnO
2 and Ag—Zn0O 3, Ag is present both as Ag(I) and Ag(0),
while in Ag—ZnO 4 only metallic silver was identified. All
these differences could influence the antimicrobial activity
of nanocomposites.

The antibacterial activity of ZnO nanoparticles was
explained by other authors [44] based on a reaction of ZnO
surface with water. In the aqueous suspensions of small nan-
oparticles of ZnO are produced higher levels of hydroxyl
radicals. The antibacterial effect of ZnO nanoparticles was
demonstrated on species as E. coli (Gram negative) and
Staphylococcus aureus (Gram positive), and correlated with
small size and corresponding large specific surface area for
ZnO nanoparticles. The effects are size dependent and do not
exist in the range of microscale particles [44]. Due to their
high surface area, the Ag nanoparticles can easily generate
Ag(I) ions [3], which improves the antibacterial activity of
ZnO nanoparticles.

The width of inhibition zone recorded by disk diffu-
sion tests (Table 2) indicates a moderate to good activity of
anthocyanins functionalized ZnO nanopowder and Ag—ZnO
nanocomposites. The response of individual microbial spe-
cies is variable and distinct. Thus, most sensitive strains
were S. aureus and Streptococcus for which it was recorded
the largest width of inhibition zone, ranging from 6 to 9 mm.
E. coli and Candida sp. displayed an intermediate response
(between 2 mm and 4 mm width of growth inhibition zone),
while Pseudomonas strains were most resistant showing nar-
row inhibition zone of only 2 mm width. The values for MIC
(Table 3) are in 10 pg/mL (Streptococcus sp.)—160 pg/L
(Pseudomonas, E. coli) range.

The anthocyanins functionalized ZnO nanopowder has
a moderate to good antimicrobial activity, most sensitive
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Table 2 Antimicrobial activity
for Ag—ZnO functionalized with

Strains

Width of growth inhibition zone (mm)

anthocyanins nanocomposites, Ag—7ZnO 1 Ag—7Zn0O 2 Ag-7Zn0O3 Ag-7Zn0O 4 ZnO

in comparison with ZnO

functionalized with Staphylococcus aureus 8 9 9 9 8

anthocyanins against various Streptococcus 7 7 7 7 6

clinical isolated strains E coli 3 3 3 3 3
Pseudomonas 2 2 2 2 2
Candida 3 3 4 4 3

Table 3 Minimal inhibitory concentration for Ag—ZnO composites in
comparison with ZnO functionalized with anthocyanins

Strains MIC (ug/mL)
Ag-Zn0O1 Ag-ZnO2 Ag-ZnO3 Ag-ZnO4 ZnO

Staphylo- 40 40 20 20 40
coccus

Streptococ- 20 20 20 10 20
cus

E. coli 160 160 160 80 160

Pseu- 160 160 160 160 160
domonas

Candida 80 80 80 80 160

bacteria being once again Streptococcus and Staphylococ-
cus. The antifungal activity of ZnO functionalized with
anthocyanins is comparable or superior to other ZnO
nanoparticles obtained in vegetal extracts [45]. By fur-
ther functionalization of ZnO with Ag nanoparticles, an
increase of antimicrobial activity would be expected, both
because of lower ZnO crystallites size and the effect of Ag
nanoparticles. Based on inhibition zone width and MIC
value, the increase of antimicrobial activity with the Ag
content can be noticed for Staphylococcus, Streptococ-
cus, E. coli and Candida, but the variation is low. Against
Staphylococcus, the decrease of MIC value was noticed to
a lower Ag concentration compared to Streptococcus and
E. coli. The highest antimicrobial activity was determined
for Ag—ZnO 4 sample. No variation with Ag content was
noticed against Pseudomonas.

This behavior can be explained based on the composites
structure. The Ag nanoparticles are covered by ZnO, form-
ing aggregates, as it was demonstrated by SEM and TEM
investigation (Figs. 2, 3). The growth of aggregates and the
localization of Ag nanoparticles inside of them lead to a
slower silver ion release, which is probably responsible for
no or small variation of antimicrobial activity. However,
the morphology can increase the storage and the release
time for Ag. As well, the bacterial resistance to toxic met-
als was reported, but the molecular mechanisms behind the
silver resistance are still not completely understood [3].

For comparison, other reported MIC values for Ag—ZnO
nanocomposites are 600 pg/mL and 400 pg/mL against E.
coli and S. aureus [46], or 550 pg/mL and 60 ug/mL for
a Ag-ZnO nanocomposite with nearly equimolar Zn/Ag
ratio (1:0.88) [11]. Thus, although the deposition onto Ag
nanoparticles did not significantly increase the antimicrobial
activity of ZnO functionalized with anthocyanins, a good
antimicrobial activity can be assigned to synthesized nano-
composite samples, probably due to anthocyanins, too.

We started from a very low content of Ag in Ag-ZnO
composites to demonstrate the silver influence, i.e. even a
very small amount of Ag in nanocomposite is enough to
increase the antimicrobial activity against Staphylococcus
and Candida.

3.3 Photocatalytic Properties

It is well known that pure and doped zinc oxide, and also
composite materials containing ZnO are efficient photocata-
lysts, widely used in a variety of photocatalytic processes
[47]. The functionalization of ZnO particles with both antho-
cyanins and Ag could increase the PA, such as the materials
absorb in the visible region of the solar spectrum, not only
in the UV. The functionalization of ZnO with anthocyanins
by one-pot method demonstrated this assumption [15].

It was measured the absorbance at 497 nm of CR solu-
tions during the photocatalytic experiments as a function
of irradiation time. The PA of ZnO nanopowders was esti-
mated through the C,/C ratio (Fig. 7a) for a rate of 0.05 g
catalyst/100 mL CR solution 30 mg/L. The results dem-
onstrated a slight increase of PA with the silver content,
but only for low Ag concentration up to Ag/Zn molar ratio
of 1:12 (Ag-ZnO 1, Ag-ZnO 2, Ag-ZnO 3). An abrupt
decrease of PA was identified for the sample with highest
silver content (Ag—ZnO 4). For example, after 120 min the
values of PA were: 88.39% (Ag—ZnO 3), 86.57% (Ag-ZnO
2), 84.52% (Ag-ZnO 1), and 67.46% (Ag-ZnO 4). The
highest value (for Ag—ZnO 3) is similar to that previously
reported for ZnO functionalized with anthocyanins (88.1%
[15]), but for lower Ag/ZnO molar ratio than 1/12 the PA
is slightly inferior compared to ZnO functionalized with
anthocyanins. However, the variations are not high. The
decomposition of CR in addition to the azo bond breaking
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Fig. 7 Photodegradation of CR by Ag—ZnO nanocomposites functionalized with anthocyanins, with various Ag content (a). UV—-vis spectra of
CR solutions before and after photodegradation (120 min) onto Ag—ZnO nanocomposites (b)

is demonstrated by the modification of electronic spectra
of CR solutions in UV domain (Fig. 7b).

The variation of PA with the Ag content for pristine
Ag—7Zn0O nanocomposites was reported in other studies.
Zhang and Mu found that the degradation rate increases
with the silver content increase up to a content level of
6.2% and then decreases with further increase of Ag con-
tent in Ag—ZnO, the optimum Ag amount being approxi-
mately 6.2% [48]. Liu et al. found a similar value (6% Ag)
for ZnO rods decorated with Ag nanoparticles in photocat-
alytic degradation of methylene blue [49]. Other authors
demonstrated that the PA of Ag-doped ZnO samples first
increases with the Ag content up to 1%, and then slightly
decreases with further Ag doping (2% and 4%) [50]. If the
general behavior of Ag-ZnO composites is accepted by
several authors, the concentration of Ag, which influences
the photocatalytic properties depends on other composite
properties and/or synthesis routes. Zhang and Mu [48]
considered that the improvement of Ag—ZnO materials
photoactivity can be explained by better charge separa-
tion in the case of Ag—ZnO composites in comparison with
pristine ZnO, but the incorporation of Ag onto the ZnO
surface can increase the rate of electron transfer to the
dissolved oxygen. At higher Ag concentration, silver par-
ticles can act as recombination centers, which is caused by
the electrostatic attraction of negatively charged silver and
positively charged holes [48]. In consequence, a proper
content of silver can reduce electron—hole recombination
and increase the PA.

The bleaching of the CR solution in the presence of pho-
tocatalyst, in dark, is an evidence for the adsorption capacity
of ZnO powders. The synthesized Ag—ZnO nanocomposites
demonstrated high adsorption capacity, probably because of
a high surface area. In the absence of catalyst, an irrelevant

@ Springer

variation of CR concentration was identified [26], which
indicates the dye high stability.

The values of PA for composite materials with low Ag
content are higher, but comparable with those obtained
for pristine ZnO produced by precipitation (86.4% after
2 h [15]) and superior to ZnO capped with anthocyanins
(67.46% after 2 h). Pristine ZnO obtained by thermal decom-
position of anthocyanins functionalized ZnO have a lower
PA because of larger particles [42]. The compared values
are determined in similar conditions, because a comparison
between PA values involves analogous experimental condi-
tions, like the dye/catalyst ratio and time of photocatalytic
experiment.

It was used the widely accepted kinetic mechanism Lang-
muir—Hinshelwood (L-H) model in the study of CR degra-
dation over Ag—ZnO nanocomposites. L-H model considers
all processes involved in a heterogenous catalysis, including
the adsorption of substrate onto the photocatalyst surface.
The model considers the reactant more strongly adsorbed on
the catalyst surface than the products, and consequently the
rate of unimolecular surface reaction is proportional to the
surface coverage [51-53]

The L-H simplified equation [54] can be written in a lin-
earized form:

InQ =InQ, -k, 1, )
where Q is the concentration of the reactant (mg/L), Q, is
the initial value of the reactant concentration and ¢ is the
illumination time. A linear fit of the plot of In Q against time
was performed, thus the slope and the intercept of trend line
give the values of k,,, and Q,, respectively. The results are
shown in Table 4.

The small differences between Q, and Q,,, and
good values of R? demonstrated that the kinetics of the
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Table 4 Kinetic parameters (reaction rate, kapp; experimental and cal-
culated value of CR concentration after dark adsorption, Q; coeffi-
cient of determination, R?) for the photocatalytic degradation of CR
dye with Ag—ZnO nanocomposites as catalysts (0—120 min)

Samples Qpexp. (mg/L)  L-H simplified model

Q) (mg/l)  kyy, (min™") R
Ag-7Zn0O1 6.94 6.73 0.0061 0.932
Ag-7Zn0O 2 6.02 5.79 0.0058 0.951
Ag-7Zn0O 3 5.95 5.19 0.0058 0916
Ag-7ZnO4 1135 10.96 0.0031 0.945

photocatalytic process is a L-H-type. The values of Q ., ,
hence the dye concentration after the adsorption in dark,
denotes the adsorption capacity of nanocomposites. Thus,
the adsorption capacity and the decomposition rate increase
with the Ag content at low concentrations (Ag—ZnO
1-Ag—ZnO0 3), but for higher Ag concentration both adsorp-
tion capacity and reaction rate decrease (Ag—ZnO 4).

4 Conclusion

New Ag—ZnO nanocomposites with different Ag/Zn molar
ratio were obtained in anthocyanins extract. The TEM
investigation demonstrated that ZnO was deposited onto
Ag nanoparticles resulting larger aggregates. In the case of
composites with low silver content (up to 1/12 Ag/Zn) both
Ag(0) and Ag(I) as Ag,CO; were found. The decrease of
ZnO crystallites size with the Ag content increase is notice-
able. During the synthesis of Ag nanoparticles, the surface
plasmon band centered around 450 nm characteristic to sil-
ver nanoparticles was identified, but in composite nanomate-
rials the band is overlapped, being clearly identified only for
the highest silver concentration (Ag/ZnO molar ratio of 1/7).
The band gap energy values are in the range of 3.44-3.65 eV,
superior to that of ZnO functionalized with anthocyanins.
Despite of low Ag/ZnO molar ratios, the synergic effect of
antimicrobial activity against Staphylococcus, Streptococ-
cus, E. coli and Candida was demonstrated. Small differ-
ences in PA were observed in the degradation of CR azo dye
for low Ag content in nanocomposites, which have a high
efficiency (PA =81-85% after 60 min), while a decrease of
photoactivity was noted at high Ag content, Ag/ZnO=1/7
(PA =61% after 60 min). Having in view both antimicrobial
and photocatalytic properties, the obtained Ag—ZnO nano-
composites functionalized with anthocyanins are proper
materials for the treatment of water, being able to prevent
contamination and spreading of microorganisms in different
applications.
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