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Abstract. The contact non-equilibrium low-temperature plasma technique is used to synthesize silver
nanoparticles (AgNPs) employing trisodium citrate as capping agent. The AgNPs were characterized
using UV-Vis spectroscopy, an absorption band at 400-440 nm confirmed nanoparticles formation. The
effect of reaction conditions such as the concentration of silver ions, molar ratio Ag/citrate, irradiation
time on the synthesis of AgNPs was studied. Characterization of AgNPs was carried out using scanning
electron microscopy, X-ray diffraction and zeta potential analysis. The average size of formed silver
particles was below 100 nm. XRD analysis revealed that the particles were face-centred cubic. The
synthesized silver nanoparticles had significant antibacterial activity on two strains of Gram bacteria.
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Introduction

Silver nanoparticles (AgNPs) are amongst
the most extensively studied nanomaterials, which
fascinate scientists due to their promising
applications in optoelectronics [1-2], sensing
[3-4], surface enhanced Raman scattering [5,6],
catalysis [7-9] and others [10-12]. At the same
time, silver nanoparticles can be applied in
different ways: as individual silver nano-
dispersions, as materials for purification and
disinfection of water [12-13], as doping agent in
films [14], corrosion inhibitor, etc. [15]. Hence,
synthesis strategies that result in controlled NP
size, distribution, shape and stability still
represent an area of interest.

Different methods have been employed in
the production of nano-sized metallic silver
particles with different morphologies and sizes,
for example, chemical reduction [16],
electrochemical [16,17], photochemical [18,19],
microwave-assisted [20], hydrothermal, laser
ablation [21], sol-gel [22], sonochemical [16,23],
green method [24,25]. One of the innovative and
environmentally safe methods for preparation of
nano-sized compounds is the use of plasma
discharges of various configurations: plasma
discharge generated between the electrodes
immersed in liquid, at gas-liquid phase interface
at reduced pressure, atmospheric pressure plasma
in interaction with the liquid [26].
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Among  plasma-chemical  discharges,
contact non-equilibrium low-temperature plasma
(CNP) is a promising option from the point of
view of practical application [27]. Plasma
discharge is generated between the electrode in
the gaseous phase and the surface of the liquid
where the other electrode is located. Therefore,
chemical transformations at the phase interface
are conditioned by the combined effect of
electrochemical oxidation-reduction; initiated
photolysis reactions, UV radiation; flow of
charged particles from the gaseous phase to the
surface of the liquid medium. By varying the
composition of liquid phases it is possible, in
some degree, to manage the paths of chemical
transformations and composition of obtained
products [28]. Previous research showed the
efficiency of using the contact non-equilibrium
low-temperature plasma in comparison with the
conventional method of chemical reduction in
solutions and photochemical deposition [29]. The
efficiency of CNP use for synthesis of silver
nanoparticles from the aqueous solutions of metal
salts one-shot in the presence of sodium alginate
is demonstrated in other published works [26].
Therefore, this synthesis technique seems to have
potential for metal nanoparticles synthesis. The
use of sodium alginate as capping agent may be
inappropriate in some systems because of
undesirable reaction [26]. Capping agents are
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frequently used in colloidal synthesis to inhibit
nanoparticle overgrowth and aggregation as well
as to control the structural characteristics of the
resulted nanoparticles in a precise manner. Citrate
is the most popular capping agent of silver
colloids that are lab-synthesized for general and
specific applications; citrate coating serves both
as a reducing agent and a stabilizer by decorating
the particles with negative charges [30].
Therefore, studying of the process of obtaining
silver nanoparticles in the presence of citrate, used
as a stabilizing reagent, under the action of
plasma discharge, is of scientific and practical
interest.

The objective of this work is to obtain
colloidal solutions of silver nanoparticles by using
contact non-equilibrium low-temperature plasma
and citrate as stabilizer.

Experimental
Materials

Silver nitrate (99.8%, Kishida), trisodium
citrate, were purchased from Merck Co. Ltd.
(Darmstadt, Germany). Agqueous solutions of
silver nitrate at different concentration were
prepared using ultrapure water (Direct-Q UV,
Millipore) and were utilized as starting materials
without further purification.
Synthesis of silver nanoparticles AGNPs

Silver nanoparticles were obtained in a
synthesis reactor (Figure 1). AgNO; was
dissolved in double distilled water to give a
solution of 0.00025-0.003 mol/L. Then trisodium
citrate was added to the AgNO; solution of
different concentrations. Generally, 0.13 g
trisodium citrate were added to 70 mL of
0.00025 mol/L (1); 0.0005 mol/L (2); 0.001 mol/L
(3); 0.003 mol/L (4) aqueous silver nitrate
solution under stirring for 6 seconds. These molar
ratios Ag'/citrate  (0.05+0.17) were chosen
accordingly to already published reports [30,31].
The resulting reaction mixture was treated in the
reactor with the discharge of contact non-
equilibrium low-temperature plasma with fixed
parameters (pressure, current strength, voltage).
The electrodes were directly connected to the
lines in order to apply voltage from the power
sources and obtain the plasma discharge (the
parameters of plasma I= 120 mA, P= 0.08 MPa).
After plasma irradiation treatment, the resulted
colloidal solutions were cooled at room
temperature. The final product was obtained as a
colloidal dispersion. The browning of the mixture
of AgNO; indicated the synthesis of silver
nanoparticles. The strong surface plasmon
resonance (SPR) band at 400-440 nm in the

UV-Vis spectra thus confirmed the formation of
silver nanoparticles. The yield of silver
nanoparticles was estimated by the difference
between the concentration of silver ions in the
initial solution and after plasma discharge
treatment (using an “ELIS-131Ag” silver-
selective electrode). The AgNPs obtained by
plasma discharges were centrifuged at 5000 rpm
for 5 min. The dried powders were then used for
further characterization.

Equipment used for synthesis. The research
was carried out at the Laboratory of Plasma-
Chemical Technologies of the Ukrainian
State  University of Chemical Technology
(Dnipro, Ukraine) on an installation of a discrete
type with a reactor volume of 0.1 L (Figure 1).
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Figure 1. The circuit diagram and photo discharge
of the installation for plasma-chemical treatment of
water solutions: 1 — reactor; 2, 3 —electrodes;

4 — vacuum gauge; 5 — crane; 6 — pump;

7 — filtering elements; 8 — switch; 9 — voltmeter;
10 — ammeter; 11 — firearm transformer;

12 — switch; 13 — voltage transformer.

Cathode (diameter 4 mm, 18H10T stainless steel
electrodes) was located in the liquid part, with the
anode (diameter 2.4 mm) placed at the distance of
10 mm from the surface of solution. Volume of
solution in the reactor was equal to 70 mL.
Cooling of reaction mixture was ensured by
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continuous circulation of cold water. Pressure in
the reactor was maintained at 80+4 kPa. The
voltage of 500-1000 V was applied to the
electrodes to obtain the plasma discharge. The
current strength was maintained at the level of
120+6 mA. Duration of plasma processing of
solutions ranged from 1 to 5 min.
Characterization techniques

UV-Vis spectra of colloidal solutions were
recorded in the wavelength range of 190-700 nm
using the UV-5800PC spectrophotometer (FRU,
China) and quartz cuvettes.

Zeta potential of colloidal solutions was
measured on a Zetasizer Nano-25 analyzer
(Malvern Instruments Ltd., Malvern, England).

Microphotographs of nanoparticles were
obtained using the scanning microscope JEOL
JSM-6510LV (JEOL, Tokyo, Japan).

X-ray diffraction patterns were registered
using the X-ray diffractometer Ultima IV Rigaku.
The size of the AgNPs (D, crystallite size) were
estimated from the Debye—Scherrer Eq.(1) [32].

0.91
- B cos@ (1)

where, g is FWHM (full width at half maximum);
@ is the angle of diffraction;
wavelength (1) for X-ray is 0.1541 nm.

Antibacterial assay

The disk diffusion method was used to
study the antibacterial activity of the synthesized
silver nanoparticles. Staphylococcus aureus
(ATCC 25923) and Escherichia coli (ATCC
35218) were used as model test strains for Gram-
positive and Gram-negative bacteria, respectively.
The bacterial suspension (About 10* colony
forming units (CFUs) of freshly cultured
microbial cells) was spread on nutrient agar in a
Petri plate to create confluent lawn of bacterial
growth. The wells of 5 mm were prepared by
borer. The solutions of different AgNPs
concentrations (15 uL) were poured into each
well. The well without silver nanoparticles was
treated as blank (water). After 24 h incubation at
37°C, the dimensions of the inhibition zones
around the samples were measured in five
directions, and the average values were used to
calculate the circle zone area.

Results and discussion

The UV-Vis spectrophotometric technique
was applied to confirm the formation of silver
nanoparticles in the CNP plasma-irradiated
AgNOgy/citrate solution. It is a well known fact
that colloidal silver nanoparticles exhibit

absorption in the wavelength range from 380 to
450 nm depending on the complex dielectric
constant of the metal, the cluster size and the
environment [31,33].

Figure 2 shows the absorption spectra of
the Ag solutions obtained at various
AgNO; concentrations studied in the range
0.00025-0.003 mol/L without and in the presence
of fixed concentration of citrate (the parameters of
plasma I= 120 mA, P= 0.08 MPa, z= 5 min (a)
and z= 4 min (b)).
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Figure 2. The UV-Vis spectra of AgNPs (a) and
AgNPs/citrate (b) prepared by discharge plasma at
various concentrations of AgNO;:

1 -0.00025 mol/L; 2 —0.0005 mol/L;
3-0.001 mol/L; 4 —0.003 mol/L.

Figure 2(a) shows that silver nanoparticles
are formed due to the plasma discharge action,
even in the absence of the citrate ions (maximum
of absorption SPR (Amnax) at 440 nm). UV-Vis
spectra presented in Figure 2(b) show that
treatment of the silver nitrate/citrate solution by
low-temperature plasma discharge on the
spectrum results in the SPR absorption peak (Zmax)
at 408-420 nm, characterizing the formation of
silver nanoparticles. Therefore, the introduction of
capping agent promotes the increase in intensity
of formation of silver nanoparticles. From the
Figure 2(b), a redshift from 408 nm to 420 nm
and  spectral broadening  with  increase
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concentration of AgNOs is observed. Also, the
absorption peak intensity gradually increases
with the increase of AgNO; concentration to
0.0005 mol/L reflecting the formation of more
AgNPs [34,35]. This indicates a slight increase of
the size of formed particles (up to 5 nm). Thus it
can be assumed, that although the silver nitrate
concentration is increased, the particle size does
not increase much, possibly due to the capping
action of citrate. The increase in the concentration
of silver ions (more than 0.0005 mol/L)
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leads to a slight decrease of the peak intensity
(0.003-0.001 mol/L curves 1-3) and there is
obvious absorption in the range of 450-600 nm
indicating that negligible aggregation occurs in
this reactive system and the nanoparticles are well
dispersed (at 0.003 mol/L).

Figure 3 shows the absorption spectra of
the silver solutions obtained at various AgNO;
concentrations 0.00025-0.003 mol/L in the
presence of fixed concentration of citrate and
different duration of irradiation.
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Figure 3. UV-Vis spectra of aqueous solution AgNOs/citrate treated with plasma at different discharge
durations 1 — 1 min; 2 — 2 min; 3 — 3 min; 4 —4 min; 5 -5 min, for various concentrations of Ag” ions
(a) 0.00025 mol/L; (b) 0.0005 mol/L; (c) 0.001 mol/L; (d) 0.003 mol/L.

Zeta potential measurements  were
conducted to evaluate the stability of the silver
suspensions (Figure 4). The zeta potential is
based on the mobility of a particle in an
electric field and is related to the electrical
potential at the junction between the diffuse ion
layer surrounding the particle surface and the bulk
solution. Generally, a suspension that exhibits a
zeta potential less than -20 mV s
considered unstable and will result in particles
settling out of solution in the absence of other
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factors. At different initial concentration of
Ag" in solution without stabilizer, there was little
variation in the zeta potential value of
AgNPs, indicating low stability of the
synthesized nanoparticles. Overall, all obtained
samples solutions of silver nanoparticles/citrate
depending on the initial Ag* and concentration of
stabilizer are characterized by an average value of
zeta potential in the range from -28.2 mV to
—-32.0 mV, which is typical of the stable colloidal
systems [36].
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Figure 4. Dependence of zeta potential (mV)
colloidal solution of silver prepared by discharge
plasma on various concentration of Ag” (mol/L)
without using capping agent (white bar)
and with citrate (black bar).

The AgNPs sample obtained in the
experimental conditions: the parameters of
plasma I= 120 mA, P= 0.08 MPa, = 4 min;
C(Ag")=0.003 mol/L was investigated using the
powder X-ray diffraction (XRD) method and
SEM microscopy. Figure 5 shows typical XRD
pattern of silver nanoparticles obtained in an
aqueous solution: peaks at 26 values of 38.1,
44.9, 77.5° are attributed to the (111), (200), (311)
crystalline planes of the face centered cubic
crystalline structure of metallic silver. The
intensity of peaks reflected a high degree of
crystallinity of silver nanoparticles. The
diffraction peaks are broad, which indicates that
the crystallite size is very small [32]. The
calculated particle size (crystallite size) details are
in Tablel. The average crystallite size calculated
using Debye-Scherrer formula (Eq.(1)) for (111,
200, 311) plane of AgNPs were 6.0 — 28.2 nm.

Table 1
The size of silver nanopatrticles.
26, ° crystalline s D, nm
planes, hkl
38.1 (111) 0.005 28.2
44.9 (200) 0.010 12.0
77.5 (311) 0.029 6.0

A comparison of the (111), (200), (220)
diffraction intensities reveals features that are
intrinsically related to the shapes of the particles
being examined. For the Ag /citrate nanoparticles
prepared by discharge plasma, the intensity ratio
between the (200) and the (111) indicated
the formation of icosahedron type of
nanocrystals [32,37].

The SEM image of the prepared Ag/citrate
is shown in Figures 6. The obtained SEM image
indicates that nanoparticles are relatively
spherical (visual observation) of an average

diameter up to 100 nm (linear dimensional scale).
The size distribution of AgNPs is presented in
Figure 7. According to the obtained distribution,
the size of the AgNPs is in the range 35-100 nm,
being comparable with SEM data.
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Figure 5. X-ray diffraction pattern of AgNPs/citrate
prepared by discharge plasma.
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Figure 6. SEM-image of AgNPs/citrate prepared by
discharge plasma.

It is commonly known and well established
that silver nanoparticles show antibacterial
activity [38]. The plasma chemical synthesized
AgNPs (with 0.00025-0.003 mol/L/citrate) were
studied for their antibacterial activity.
The obtained results (Table 2) show that
antibacterial activity is exclusively due to AgNPs.
There is good antibacterial activity against both
Gram-negative and Gram-positive  bacteria
observed, but it shows higher antibacterial activity
against  (Escherichia coli) (Gram-negative)
then (Staphylococcus aureus) (Gram-positive)
(Table 2). The zone of inhibition increases with
the increase in AgNPs concentration. The blank
sample shows no zone of inhibition, which
indicates that antibacterial activity is exclusively
due to AgNPs.
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Figure 7. Size distribution of silver/citrate nanoparticles obtained by discharge plasma.

Table 2

Zone of inhibition of synthesized silver nanoparticles against bacterial strains.

Tested bacterial

Zone of inhibition by AgNPs, mm

strains Blank Ag*/citrate, mol/L
0.00025 0.001 0.003
Escherichia coli 0 20 25
Staphylococcus aureus 0 5 11

The differential sensitivity of Gram-
negative and Gram-positive bacteria toward
AgNPs is possible due to the difference in
their structure of the cell wall. The cell wall of the
Gram-positive bacteria is composed of a thick
layer of peptidoglycan, consisting of linear
polysaccharide chains cross-linked by short
peptides thus forming a more rigid structure
leading to difficult penetration of the
silver nanoparticles, but the cell walls of Gram-
positive bacteria possess a thinner layer of
peptidoglycan [39].

Conclusions

Silver nanoparticles were prepared in
aqueous AgNO; solution by using contact non-
equilibrium  low-temperature  plasma  and
trisodium citrate as capping agent. The formation
of silver nanoparticles in the presence of capping
agent is demonstrated by the presence of the peak
Amax = 408—420 nm in the UV-Vis spectra.

The obtained results show that the
introduction of capping agent promotes formation
of silver nanoparticles. The increase in silver
nitrate concentration does not increase the size of
the nanoparticles. The concentration of silver
nanoparticles increases with the increase of
duration of plasma action on the solution. The
formation of silver nanoparticles was confirmed
by X-ray diffraction. The average size of formed
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silver particles is below 100 nm. The synthesized
silver nanoparticles had significant antibacterial
activity  against  Escherichia  coli  and
Staphylococcus aureus strains.
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