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Abstract:

Mentha crispa L. is one of Vietnam’s most precious folk medicines and is also a spice used in many delicious dishes in Vietnam
and around the world. The use of Mentha crispa L. leaf extract as a reducing agent for Ag"ions to synthesize silver nanoparticles
is discussed in this paper. Single silver nanospheres were dispersed in biological media and their sizes were controlled in the range
of 20-80 nm. Factors affecting particle size and shape such as extract concentration, AgNO, concentration, reaction time, and
temperature were investigated to determine the optimal parameters for particle synthesis. The optical properties, dispersion,
crystal structure, morphology, and sizes of silver nanoparticles were investigated through UV-Vis absorption spectroscopy,
dynamic light scattering (DLS) measurements, X-ray diffraction, and transmission electron microscopy (TEM). The functional
groups on the L.AgNPs were determined by Fourier-transform infrared (FTIR) transmittance spectra. The synthesised silver
nanoparticles were used to treat methylene blue (MB) dye, the main component of dye wastewater, based on their photocatalytic
properties. The results show that in the presence of L.AgNPs, the photodegradation efficiency of NaBH, or H,0, reducing agents
is much higher, up to 95% of illumination.
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1. Introduction biological reduction [28-32]. Each method creates nanoparticles
with different shapes, structures, and sizes. Depending on the
intended use and specific conditions, different methods are
selected. Recently, synthesizing silver nanoparticles by using
reducing agents of biological origin such as microorganisms and
plant extracts has attracted much attention from researchers [33-
36]. This method synthesizes particles with high concentration,
relatively uniform size, and, especially, with abundant raw
materials, low economical cost, and environmentally friendly
products. The synthesis of silver nanoparticles from plant extracts
has advantages over synthesis from biological microorganisms
because it eliminates the elaborate process of cell culture and
simplifies large-scale particle synthesis thereby saving time and
cost [34-36]. There are many types of plants selected for the
synthesis of silver nanoparticles such as Azadirachta indica [37],
green tea leaves [38], Aloe vera [39], Capsicum annuum L. [40],
Jatropha curcas [41], Magnolia kobus [42], Carica papaya [43],
Hibiscus rosa Sinensis [44], Mentha piperita [45], Morinda

Nanotechnology has been asserting its importance in many
areas of science and life in almost every country in the world.
Undeniably, nanomaterials are present in many products of science
and technology. Silver nanoparticles are particularly interesting to
scientists because of their unique properties such as their plasmon
resonance frequency being located in the visible light region, non-
toxicity, and high biocompatibility [ 1-3]. They are widely exploited
in fields ranging from medicine and pharmacy, to agriculture and
forestry, and to diagnostic imaging with applications such as drug
delivery, cellular imaging, sensors, biological probes, and surface-
enhanced Raman scattering (SERS) [4-9]. In particular, silver
nanoparticles exhibit some of the best antibacterial and bactericidal
activities thanks to their characteristic mechanisms [10-16]. While
the antibacterial mechanism of silver nanoparticles remains
controversial, observations have shown silver ions destroying
respiratory function, the function of cell walls, as well as binding
to the DNA of microbial cells and destroying their function [17-

22]. In addition, silver nanoparticles have been shown to have
redox properties that catalyse biological agents such as dyes and
chemical agents like benzene under the influence of light [23-27].

Because of the wide applicability of silver nanoparticles, they
have been synthesized by many different methods such as chemical
reduction, electrochemistry, radiation, photochemistry, and
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citrifolia [46], Sesbania grandiflora [47), Albizia adianthifolia
[48], and Ziziphora tenuior [49]. However, there have been no
reports on the use of Mentha crispa L. leaf extract to synthesize
silver nanoparticles.

Sweet basil (Mentha crispa L.) is a common herb in Europe,
northwest Africa, and Asia. This vegetable belongs to Mentha
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aquatica, which is relatively similar in appearance to mint (Mentha
arvensis L.). Many people often confuse these two herbs with each
other. However, in fact, sweet basil and mint are two different
vegetables. Not only is it used as a spice, sweet basil can also be
used as a medicine with many effects on human health. Sweet basil
can strengthen the digestive system, prevent cancer, help brighten
skin, protect skin from acne, effectively fight inflammation, treat
insect bites, treat sore throats, relieve colds, and treat asthma from
colds [50]. In this paper, we synthesize silver nanoparticles using
Mentha crispa L. leaf extract and study the application of these
synthesized silver nanoparticles in the treatment of dye wastewater
and antibacterial activity.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNO,, >99%) and methylene blue dye
(C,(H(CIN,S, 97%) were purchased from Sigma Aldrich. Sodium
borohydride (NaBH,, >99%) and hydrogen peroxide (H,O,, 30%)
were purchased from Merck, Germany. Chemicals were used
without any purification. Sweet basil leaves were collected from
the medicinal garden at Thai Nguyen University of Education.
Deionized water (DI) with a resistance of 18.2 MQ was used in

all processes.
2.2. Mentha crispa L. leaf extract preparation

The sweet basil leaves were collected and washed several
times with water and then deionized water to remove dirt adhered
to the leaves. They were dried at room temperature (27°C) for 24
hours and then ground into a powder with an agate mortar. Then,
10 g of leaf powder was mixed with 100 ml of sterilised, deionized
water. The mixture was steamed in a water bath at 100°C for about
30 min. The solution was cooled and centrifuged at 5000 rpm for
about 15 min. The residue was removed and the solution extract
was filtered with Whatman No. 1 filter paper. The final extract
was obtained by filtering the solution through a 0.22-pm Ministart
filter and was stored refrigerated (4°C) for future use.

2.3. Green synthesis of silver nanoparticles (L.AgNPs)

An amount of Mentha crispa L. leaf extract in respective
volumes was mixed into a 1.0 mM AgNO, solution. The reaction
mixture was continuously magnetically stirred in the dark at room
temperature for about 24 hours. The reactions of the solution were
monitored at different time intervals. To optimize the synthesis of
L.AgNPs, the influences of AgNO, concentration, reaction time,
and extract volume were investigated. The volumes of AgNO,
in the series of experiments to investigate the effect of AgNO,
concentration were 6, 8, 10 and 14 ml, respectively, corresponding
to AgNO, concentrations varying from 0.43 to 0.8 mM while the
volume of extract solution was 0.25 ml. To investigate the effect
of the amount of extract on the particle synthesis yield, different
volumes of extract were used: 0.15, 0.25 and 0.35 ml while the
volume of 1 mM AgNO, solution was 14 ml. At the same time, to
monitor the development of L.AgNPs over time, each solution was
withdrawn from the reaction vessel at certain times such as 0.5, 2,
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4,6, 8,10, 12, 14, 16 and 24 hours. The synthesis process of the
L.AgNPs is shown in Fig. 1.

2.4. Application of L.AgNPs

L.AgNPs were used as photocatalysts to treat MB, an ingredient
in dye wastewater in either 30% H,O, or 0.2 M NaBH,. To examine
the role of L.AgNPs in improving the degradation efficiency of
MB pigment, experiments were conducted independently in the
presence or absence of L.AgNPs as a catalyst. Specifically, 10 ml
of L.AgNP solution, after centrifugation to remove impurities,
was placed into 100 ml of 10-ppm MB solution and magnetically
stirred in the dark for about 2 hours to balance absorption. Then,
1 ml of 30% H,0, or 2 ml of 0.2 M NaBH, were added to the
solution. The mixture was continuously illuminated with a 30 W
LED with a colour temperature of 6500 K (Philips, Amsterdam,
The Netherlands). The photodegradation rate was monitored by
observing the absorption reduction at the characteristic peak of
MB pigment after each illumination time period: 5, 30, 60, 90,
and 120 min.

2.5. Characterisation

A Jasco V-770 UV-Vis spectrophotometer was used to
investigate the optical properties of the synthesised silver
nanoparticles at wavelengths between 250-1000 nm. Morphology
and particle size were determined by TEM on a JEOL JEM-2100
at an accelerating voltage of 200 kV. The particle size distribution
of the L.AgNPs in media was evaluated by a particle size analyser
(PSA, Delta Nano C, Beckman) using DLS. The XRD spectra
were collected using an X-ray diffractometer (Bruker D8 Advance,
Germany) operated at 30 kV with Cu-K  radiation (wavelength of
2=0.154056 nm) with a parallel-beam geometry between 30 to 80°.
The main functional groups of the Mentha crispa L. leaf extract
and L.AgNPs were analysed by FTIR spectra using an FTIR
spectrophotometer (Nicolet 6700, Thermo Scientific) (Fig. 1).

Leaves powder

AgNO,

L. AgNPs

Mentha crispa L. leaves Leaves extract

L.AgNPs solution

Fig. 1. Process for synthesising L.AgNPs from Mentha crispa L.
leaf extract.

3. Results and discussion

The influence of AgNO, concentration, amount of extract,
and reaction time on the morphology and size of the L.AgNPs
is shown through the absorption spectrum of the solutions (Fig.
2). Figs. 2A and 2B are the absorption spectra and the normalised
absorption spectra of the L.AgNPs solutions when the AgNO,
concentration was varied from 0.43 to 0.8 mM. It can be seen that
AgNO, concentration has a great influence on the formation and
growth of particles as both the absorbance and resonance peak
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wavelengths change with AgNO, concentration. When the AgNO,
concentration is below 0.75 mM, the produced L.AgNPs are not
uniform in size. This is shown by the half-width of the normalised
absorption spectra. When AgNO, concentration is 0.8 mM, the
half-spectral width is much narrower, and the absorption spectrum
at its lowest. It was demonstrated that the synthesised L.AgNPs
have a relatively uniform size of around 40 nm (corresponding to
the absorption peak at 445 nm). The effect of AgNO, concentration
on particle formation and growth was explained by a kinetic
mechanism according to Lamer’s model [51]. When the AgNO,
concentration is high, the reaction rate is fast during the first stage
and the concentration of monomers rapidly increases, facilitating
the formation of small-size particles and relatively uniform size
development in the later stages.
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Fig. 2. The dependence of UV-VIS and normalised absorption
spectra of L.AgNP solutions on AgNO, concentration (A, B),
extract volume (C, D), and reaction time (E, F).

Extraction volume also greatly influenced the formation
and growth of the L.AgNPs (Figs. 2C and 2D). With extraction
volumes of 0.25 and 0.35 ml, the absorbance spectra showed a
large amount of excess extract after the reaction as shown by the
high absorbance in the region below 400 nm. At the same time,
L.AgNPs formed in different sizes, especially when the extract
volume was 0.35 ml. Thus, in this survey, an extract volume of
0.15 ml synthesised the best quality L.AgNPs. The extract acts as a
reducing agent in particle fusion. In these reactions, the volume of
extract used was in excess of the amount of precursor AgNO,, so
it can be seen that the larger the extract volume, the more inhibited
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the incorporation of monomers in solution during the early stages
of the reaction. This leads to heterogeneous formation of particles
in the solution and a larger size distribution. On the other hand, as
the kinetic processes behind the formation and growth of particles
go through each stage, time plays an important role in the synthesis
reaction. In this study, the volume of extract used was 0.5 ml and
the volume of 1 mM AgNO, was 20 ml. After a certain period
of time, 2 ml of the solution was withdrawn to investigate the
optical characteristics, morphology, and size. In the first 4 hours
of the reaction, the L.AgNPs in solution began to form but with
low concentration and small size corresponding to an absorption
spectrum that had no clear resonance peak (characteristic spectrum
of metal nanoparticles as small as 10 nm in diameter) [52]. As
the reaction time increased, the absorbance increased and the
resonance peak shifted towards longer wavelengths, indicating
more particles were formed and the size increased. However, in
the absorption spectrum at 24 hours, it can be seen that the half-
width of the peak tended to increase and large particles formed
as evidenced by the increased absorption at longer wavelengths.
The formation and growth of AgNPs over time are also explained
by the Lamer mechanism [51]. However, the initial phase of this
kinetic process is long because the reduction reaction rate is slow.
When the reaction time lasts more than 24 hours, to the point
where no new monomers are generated, particles will agglomerate
together to form larger particles in the solution.
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Fig. 3. TEM image of L.AgNPs by reaction time. (A) 4 hours, (B) 6
hours, (C) 10 hours, (D) 14 hours, (E) 16 hours, (F) 24 hours.

®

This process is shown by observing the TEM images of the
particles obtained at different time intervals (Fig. 3). Areaction time
of fewer than 2 hours yielded hardly any L.AgNPs. An appearance
of beads in the TEM measurement was obtained when the reaction
time was over 4 hours. However, after 4 hours of reaction, mainly
small particles (several nm) were formed and tended to clump
together. When reaction time increased from 6 to 24 hours, the
average size of the L.AgNPs particles increased from 20 to 80 nm.
Fig. 3F shows 24 hours of reaction time and the obtained particles
are of unequal size, agglomerating to form large-sized particles,
and at the same time very small particles appear. From this data,
it seems that a synthesis time of 16 hours for L.AgNPs from the
extract of basil leaves is the most suitable (Fig. 3E). These results
prove that using organic compounds to reduce Ag" ions is much
faster than using fungi or bacteria to synthesise silver particles [53].
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Fig. 4. Dependence of particle size distribution spectra of L.AgNPs
on reaction time. (A) 2 hours, (B) 6 hours, (C) 10 hours, (D) 14 hours,
(E) 16 hours, (F) 24 hours.

Fig. 4 shows the particle size distribution spectra of the
L.AgNPs obtained after different reaction times. It can be seen that
silver nanoparticles synthesised from plant extracts have a wider
size distribution than silver nanoparticles synthesised by chemical
reduction because of slower biological reduction reactions. Even
so, the results obtained show that synthesis efficiency as well as the
particle size uniformity are better than those previously published
using green synthesis methods [33-35]. The XRD spectra of the
L.AgNPs synthesised at 10, 14, 16, and 24 hours are shown in Fig.
5. It can be seen that the samples all have the same peaks at 20
angles 27.8,32.2,38.1,43.6,46.4, 64.4, and 77.5° corresponding to
the lattice planes (211), (122), (111), (200), (231), (220), and (311),
respectively, of face-centred cubic (fcc) Ag crystals [52]. No peaks
from any other phase appeared in the XRD spectrum, indicating
that a single phase of Ag with cubic structure nanoparticles was
synthesised directly from the extract. The average crystal size was
determined based on the width of the diffraction peaks using the
Debye-Scherrer formula: D=(kA)/(f cos #), where D is the average
crystal size of the powder sample; K=0.9 is the geometric factor
or Scherrer constant; f is the angular full-width at half maximum
(FWHM) of the XRD peak (rad), 1=0.154056 nm is the wavelength
of Cuk , and @ is the Bragg diffraction angle of the corresponding
peak. For the samples surveyed, the diffraction peak with the
highest intensity occurred at 260=38.1°, corresponding to the (111)
lattice plane. The average crystal size determined according to this
diffraction peak is 0.44 nm.
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Fig. 5. XRD spectrum of the L.AgNPs at different reaction times.
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The FTIR spectra of the L.AgNPs showed the presence
of functional groups on the particles in the wavenumber
range from 540 to 3444 cm! (Fig. 6). The region of greatest
intensity at 3444 cm! is attributed to the presence of -OH
functional groups of alcohol and phenolic compounds,
which exist in the basil leaf extract [44, 45]. Peaks in the
region of 1631 to 1387 cm™ are attributed to the stretching
vibrations of the C-N bonds of amide functional groups.
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Fig. 6. FTIR spectrum of L.AgNPs.

Peaks in the 1178 and 1220 cm! regions are attributed
to the C-N stretching mode of aromatic amine groups. The
peak at 1048 cm! is related to the presence of C-O bonds.
The band at 1048 cm™! is also related to the presence of C-O
bonds. The peaks in the 541 to 625 cm™ region represent
fluctuations of metallic Ag [47, 48].

L.AgNPs were used as a catalyst to study the ability to
degrade MB organic pigment in the presence of either H,0,
or NaBH, reducing agents. The experiments were conducted
under the condition that the solution was illuminated with a
30 W LED white light source of colour temperature 6500 K.
The illumination was carried out continuously for 2 hours to
monitor the photodegradation efficiency of the L.AgNPs. Fig.
7 shows the absorption spectra of the 10 ppm MB solution
over the illumination time in the cases of using only 0.2 M
NaBH, (Fig. 7A), only L.AgNPs (Fig. 7B), only 30% H,O,
(Fig. 7C), 30% H,0, reducing agent catalysed by L.AgNPs
(Fig. 7D), and 0.2 M NaBH, reducing agent catalysed by
L.AgNPs (Fig. 7E). In the spectroscopic determination of
the decrease in relative absorbance of MB pigment in the
cases over time of illumination (Fig. 7F), the colour of the
solution changed with the exposure time when using H,O,
reducing agent (Fig. 7G) and NaBH, reducing agent (Fig.
7H) with the catalyst L.AgNPs. Monitoring the decrease of
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absorbance of MB at 662 nm with irradiation time, it can
be seen that when the reducing agents H,O, or NaBH, and
L.AgNPs are not used simultaneously, an absorbance of
MB at the solid peak is observed. The 662 nm peak also
decreased when illuminated. However, the absorbance can
only be reduced to a certain value and cannot be further
reduced. This shows that under the effect of light and
reducing agents, MB is also partially discoloured (Figs. 7A
and 7C). In the case where the MB colorant solution contains
only L.AgNPs and is illuminated, the photodegradability
is better than that of the solutions without L.AgNPs. In 2
hours, the absorbance of MB decreased from 1.87 to 0.34
when catalysed by L.AgNPs. This clearly demonstrates
the role of Ag nanoparticles in the degradation of MB
pigment. To demonstrate this, experiments monitoring the
photodegradability of Ag nanosheets were performed using
both reducing agents and L.AgNPs (Figs. 7D and 7E). The
results showed that after irradiation for about 1 hour, the
absorption concentration of MB in the solution decreased
significantly, and after 2 hours of illumination, almost all
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the pigments were decomposed. This can be seen by the
colour of'the solutions over time (Figs. 7G and 7H). There is
a slight difference between using H,0, and NaBH, reducing
agents in terms of photodegradation efficiency (Fig. 7F). The
photodegradation efficiency is better when using NaBH,,
although the concentration of NaBH, reducing agent is much
lower than that of H,O,. The photodegradation efficiency
was determined by the following formula:

H =2724100%
Ag

where A is the absorbance of the initial MB and A is
the absorbance of the MB at the peak of 662 nm after
the illumination time t. Therefore, from the data on
the absorption spectrum, it can be determined that the
photodegradation efficiency in the case of L.AgNPs and
30% H,0, is 92.6% and in the case of 0.2 M L.AgNPs and
NaBH, it is 95.6%. The photodegradation mechanism of
the L.AgNPs is explained by the light absorption of silver
nanoparticles along with the presence of NaBH4 reducing
agent, making the colour degradation reaction speed faster.

AgNPs +hv 2> Ag* (e, h")
h*+ MB + NaBH, = colourless products

4. Conclusions

In this article, spherical L.AgNPs with sizes ranging
from 20 to 80 nm in diameter were synthesised by a simple
de-greening method using basil leaf extract. The size,
as well as the particle size distribution, depended on the
extract volume, AgNO, concentration, and reaction time.
The survey results of factors affecting the formation and
growth of L.AgNPs showed that when the concentration of
AgNO, was 0.8 mM and the extraction volume was 0.15 ml,
the L.AgNPs had an average size of 40 nm and the particles
were relatively uniform in shape and size. The synthesis
time of the L.AgNPs by the extraction method is about 6
hours, which is much shorter than the synthesis time using
bacteria or fungi. Increasing synthesis time from 6 to 24
hours caused the average size of the L.AgNPs to increase
from 20 to 80 nm. However, the most reasonable time to
obtain L.AgNPs with the best quality was between 10 and
16 hours. The L.AgNPs were used to study photocatalytic
ability of colour degradation of MB. Comparing the results
of MB’s absorbance attenuation at the 662 nm peak in cases
with and without L.AgNPs, it was seen that the L.AgNPs
have an important role in photodegradation. The highest
photodegradation efficiency was 95% when using 0.2 M
NaBH, reducing agent together with the Ag catalyst.
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