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Abstract In this investigation, we report the biosynthesis of the silver nanoparticles
using Aloysia triphylla leaves extract. The as-prepared silver nanoparticles were
characterized by ultraviolet—visible (Uv—vis) spectroscopy, X-ray diffractometry,
scanning electron microscopy and transmission electron microscopy The infrared
spectroscopy (FTIR) and Raman spectroscopy techniques were also used to evaluate
the chemical groups of the plant extract involved in the silver ions bioreduction. The
results indicate that as the plant extract/precursor salt ratio increases, the size of the
nanoparticles decreases. Also, as the reaction temperature increases, the reduction
rate increased too, resulting in the formation of smaller nanoparticles-size ranges.
Uv-vis spectroscopy illustrates absorption peaks in the range of wavelengths of
430-445 nm corresponding to surface plasmon resonance band of silver nanopar-
ticles. The X-ray diffraction (XRD) confirmed the presence of silver solids with fcc
structure type. The FTIR analysis showed that the bands corresponding to phenolic
compounds and the amide group were involved in the synthesis and stabilization of
silver nanoparticles, respectively. The Raman studies showed bands at 1380 and
1610 cm™', which correspond to the aromatic and amide compounds, confirming
the FTIR results. The Uv—vis results indicate the capacity of silver nanoparticles to
reduce the methylene blue.
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Introduction

In recent years, interest in metallic nanoparticles has been growing steadily due to
their unique properties and applications [1-3]. Specifically, silver nanoparticles
(AgNPs) have been used in various fields as, for example, antibacterial [4-7],
catalytic [8—11], larvicidal, or mosquitocidal [12—15] agents. There are several ways
of synthesizing the nanoparticles, such as physical, chemical, or biological methods.
However, the chemical methods are expensive and involve toxic reagents [16—18].
Sodium borohydride and sodium citrate are some of the hazardous reactants
employed in this kind of synthesis [19]. Moreover, several solvents are used, for
example, dimethylformamide, ethylene glycol, toluene, and chloroform [20]. These
substances contaminate the nanoparticles, reducing their potential applications,
especially in the field of medicine. On the other hand, the synthesis of nanoparticles
by physical methods is expensive, and they are carried out with a great consumption
of energy, at high temperatures, and under high pressures [21]. Some examples of
these methods are milling, sputtering, and laser ablation [19]. Finally, the biological
or green synthesis methods are emerging and promising techniques. This kind of
synthesis consists in preparing metal nanoparticles using plants [22], seeds [23],
bacteria [24], fungi [25], and algae [26]. The role of the organism is to provide
stabilizing agents and reducing agents for nanoparticle synthesis. However, some of
these methods have disadvantages. For example, the synthesis of nanoparticles
using microbial is expensive and, in some cases, produces dangerous products [27].
Among all the green synthesis, the use of plants is the most commonly employed
method for nanoparticle preparation. Some advantages to this approach are the low
cost, simplicity, non-toxicity, easy availability, and potential for large-scale
production [27, 28]. Moreover, the plant extracts have a higher bioreduction
potential than the bacteria [27]. Several plants have been used in the synthesis of
silver nanoparticles using leaf extracts [29-31]. To our knowledge, the Aloysia
triphylla (A. triphylla) plant extract has not been employed in the past for the
nanoparticle synthesis. The extract of A. triphylla leaves has spasmolytic, sedative,
stomachic, diuretic, and antispasmodic properties [32] due to its high levels of
flavonoids, terpenoids, and phenolic compounds, which have reducing capabilities
[33]. According to Olmedo et al., the main components of A. triphylla leaves are
spathulenol, geranial, and neral. The first is a sesquiterpene, and the other
compounds are terpenoids [34]. All these compounds have reducing activity using
hydrogen or electron transfer [35].

On the other hand, the methylene blue is an organic dye employed in the textile
and paper industries [36]. However, this substance represents a major problem for
the environment because it is very toxic and difficult to degrade. Therefore, it is
important to find an efficient and low-cost method to degrade it. Several methods of
degradation are used today, including electrochemical degradation, biodegradation,
and photochemical degradation [37]. However, these methods are either expensive
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or slow. Recently, silver nanoparticles synthesized by green methods have been
employed as an efficient alternative for degrading organic dyes [38—40]. Ashokku-
mar et al. degraded methylene blue with silver nanoparticles synthesized with a
Tribulus terrestris leaf extract [40]. Thus, the present investigation carried out a
synthesis of silver nanoparticles using an aqueous leaf extract of A. triphylla, and
their catalytic activity against methylene blue was evaluated.

Materials and Methods
Materials and Plant Extract Preparation

Dried A. triphylla leaves collected from a local market in Morelia City, Méx., were
used for the chemical reduction of AgNPs. Silver nitrate (AgNO;) crystals,
analytical grade, purchased from Meyer were used as the precursor salt in the
biosynthesis. The precursor salt (AgNO3) was used in an aqueous solution of 1, 3,
and 5 mM concentrations. This aqueous solution was prepared using distilled water.
The A. triphylla leaves were washed with distilled water to remove dust, and then
they were milled in a ball mill SPEX 8000 M for 5 min. The aqueous extract was
obtained by mixing 2 g of leaves with 100 ml of distilled water. The mix was heated
at 80 °C for 30 min with magnetic stirring. The solution was filtered to separate the
solid particles with Whatman filter paper # 41.

Synthesis of Silver Nanoparticles

The biosynthesis of AgNPs was performed by mixing 10 ml of the AgNO; solution
with 10 ml of the A. triphylla leaves extract. The effect of the precursor salt
concentration was evaluated by employing three levels (1, 3, and 5 mM). Another
variable analyzed was the amount of the extract varying in 1, 2, 3, 4, and 5 ml.
Consequently, the precursor salt/reducing agent relationship was changed. More-
over, the kinetics of the synthesis reaction was assessed at the reaction temperatures
of 25, 50, 75, and 95 °C.

Characterization of Silver Nanoparticles and Catalytic Activity

Different structural characterization techniques were used to evaluate the synthesis
of AgNPs. Uv-vis spectroscopy (Beckman DU-20 spectrophotometer) was accus-
tomed to a rapid evaluation of the nanoparticles formation. Scanning electron
microscopy (Jeol JSM 6700-F) and transmission electron microscopy (Phillips
Tecnai F20 operating at a voltage of 200 keV) were employed to determine the size,
morphology, and chemical composition of the samples containing AgNPs. X-ray
diffraction analysis (Siemens D5000 diffractometer, CuKo radiation of 1.5406 10%)
was carried out to determine the crystalline structure of dried samples. The study
was conducted in an angular range of 20-80 °. FT-IR spectroscopy (Bruker Tensor
27 equipment with a resolution of 4 cm™') and Raman spectroscopy were
performed to determine the kind of organic compounds involved in the reduction
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and stabilization of the AgNPs. The catalytic activity of the AgNPs in the methylene
blue degradation was evaluated. The analysis was carried out in 3.5 ml quartz
cuvettes. One ml of 1 x 10~* M methylene blue solution and 2 ml of the solution
containing AgNPs were mixed in the cuvette. The catalytic activity of the
nanoparticles was analyzed by Uv—vis, monitoring the changes in the absorbance
band of methylene blue (645 nm).

Results and Discussion

Figure 1 shows the Uv—vis spectra of AgNPs synthesized at different concentrations
of AgNO; with 5 ml of plant extract solution. The Uv—vis spectra showed an SPR
absorption band located at 430 nm, suggesting the formation of AgNPs. It is
observed that as the concentration of silver salt increases, the intensity of the
absorption band decreases, indicating the lower density of the formed nanoparticles.
The reduction in the intensity of the SPR band could be related to the increase in the
particle size as a consequence of an increase in the bio-reduction rate when the
precursor salt increased, needing more surfactant agents to impede the particle
growth. In this way, A. triphylla leaf extract has the real capability of the Ag ions
bioreduction, but it is limited to the AgNPs stabilization.

Figure 2a shows the SEM analysis of the AgNPs synthesized at different AgNO;
concentrations. It found spherical nanoparticles at the concentration of 1 mM
AgNO; (Fig. 2b). Moreover, at 3 mM AgNO;, larger nanoparticles, some of them
outside the nanometer range, were obtained. Finally, some agglomerates containing
the AgNPs and residues of organic compounds at the concentration of 5 mM
AgNO;5 were appreciated. Therefore, these results agree with the Uv—vis shown in
Fig. 1.

The effect of the extract volume on the synthesis of AgNPs was also analyzed by
varying in the range from 1 to 5 ml. All experiments were performed using a 3 mM
AgNOj solution concentration. Figure 3 illustrates the Uv—vis results obtained for

Fig. 1 UV-Vis spectra of the
AgNPs synthesized with 12 —/—5mM
different AgNOj; concentration 4T O
solutions ’ 3mM
—{+—1mM
[0
2 0.8+
g
<
2
Ne)
< 0.4
0.0 ——————————
350 400 450 500 550
Wavelength (nm)

@ Springer



Synthesis and Catalytic Evaluation of Silver... 1993

.
T
:
.
-
.
e

4 ey o e . . 5 . - Wt
4 £ . A, & 5 vz ~ e %
pre—— [— [r—
SU8230 30kV 9.9mm x 15k BFSTEM 3 pym SU8230 30kV 7.9mm x 25k BFSTEM 2 pm SU8230 30kV 7.9mm x 20k BFSTEM 2 pm

Fig. 2 SEM micrographs showing the size and morphology of the AgNPs varying the AgNO;
concentration
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Fig. 3 UV-Vis spectra of the AgNPs synthesized with different extract volume

the different volumes of plant extract employed. A typical band of AgNPs, about
437 nm, was noted. As the plant extract concentration increased, the SPR band
intensity was increased, indicating an increase in the density of silver nanoparticles
formed. Moreover, the band shift toward shorter wavelengths showed a decrease of
the formed AgNPs sizes. Thus, as the amount of A. triphyllia extract increases, the
concentration of the reducing agents and stabilizers becomes greater, leading to a
further reduction and stabilization of the silver ions. Consequently, a higher
concentration of AgNPs is formed. Similar results have been reported in several
works [41-43].

Figure 4 shows Uv—vis results of the AgNPs synthesized at different temper-
atures. All spectra show an SPR absorption band of about 430 nm, which is typical
of the AgNPs. Regardless of the temperature used, as the volume extract was
increased, the SPR absorption band increased, indicating a greater concentration of
nanoparticles. However, the band was broad in all spectra, suggesting a large size
distribution. Therefore, the best results were observed when the reaction temper-
ature was 95 °C, using 5 ml of A. triphylla extract. At this temperature, the
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Fig. 4 UV-Vis spectra of the AgNPs synthesized at different reaction temperatures: a 50 °C, b 75 °C y
c95°C

absorption band is greater and relatively narrower than the other samples, indicating
nanoparticles with smaller ranges in size. However, in these spectra, a weak band
centered at approximately 375 nm was observed, suggesting a bimodal size
distribution. Ahluwalia et al. used five different temperatures, from 10 to 50 °C, and
observed that absorbance increased as temperature increased [44]. This behavior
occurs because as the reaction temperature increases, the bioreduction rate also
increases. Therefore, a greater number of ions is consumed in the formation of
nuclei, whereby a process of secondary reduction is avoided, resulting in the
formation of smaller nanoparticles [45].

Studies by TEM were performed to corroborate the above results as shown in
Fig. 5. The insets are the particle size distribution of AgNPs. Figure 5a shows a
TEM micrograph that belongs to the sample performed at 50 °C. In this case, the
morphology of AgNPs is nearly spherical with some irregular shapes. Moreover, a
high-resolution transmission electron micrograph (Fig. 5b) shows the crystalline
nature of the AgNPs. The measured distance of 0.23 nm corresponding to (111)
planes of fcc-silver was observed. Figures Sb, c, illustrate AgNPs synthesized at 75
and 95 °C, showing an increase in nanoparticle sizes in comparison to the previous
sample. It is clear that the morphology of the particles varied with the reaction
temperature. In the last case, quasi-spherical, triangular and some irregularly shaped
nanoparticles were observed. In addition, the nanoparticles size was greater than the
other samples and had a clearly bimodal distribution. These experimental results are
in agreement with those obtained by Uv—vis spectroscopy as shown in Fig. 4.

Figure 6 shows the X-ray diffraction patterns (XRD) of the nanoparticles
prepared by biosynthesis. From the XRD pattern, the main diffraction peaks located
at 37.96, 44.3, 64.5, and 77.44° correspond to the planes (111), (200), (220), and
(311) of the Ag fcc structure. The silver XRD pattern was perfectly indexed with the
03-065-2871 card database number. Also, the peaks that are non-indexed are
attributed to the organic compounds from the plant capping the silver nanoparticles.
In several studies [46—48], the presence of organic compounds in the nanoparticles
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Fig. 5 TEM analysis of the AgNPs synthesized with A. tripylla extract at different temperatures:
a 50 °C, b HRTEM micrograph showing the silver planes, ¢ 75 °C, and d 95 °C (The insets show the
particle size analysis)
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synthesized has been reported. For example, Ulug et al. found some reflections
between 20 and 30° belonging to organic compounds that encapsulated silver
nanoparticles [46].

FT-IR analysis was performed to determine the chemical groups involved in the
reduction and stabilization of the AgNPs. Figure 7a, b shows the FT-IR spectra of
the A. triphylla leaves and the as-prepared AgNPs, respectively. In the A. triphylla
leaves spectrum, seven bands appear; first, an O-H band at 3343 crnfl,
corresponding to phenolic groups from the extract, was observed. The band at
2924 cm™ ' corresponds to C—H groups. According to Sre et al. the band centered at
1651 cm ™! is due to C=0 bond of the amide compounds [49]. The C=C bond due to
the aromatic compounds appears at 1410 cm™'. The peak at 1255 cm™" assigned to
the N-H group from the amides and the band at 1073 cm™" is attributed to the C—
OH bond of the aromatic compounds. Finally, the band at 615 cm ™" can be assigned
to the C—Cl bond as mentioned by Sadegui [50]. In the spectra corresponding to the
sample after the synthesis of AgNPs, only some bands remain present: the bands
corresponding to the phenolic compounds and amide groups. Thus, it can be
suggested that these kinds of compounds involve the synthesis and capping of
AgNPs. The reducing power of A. triphylla extract to synthesize AgNPs can be
attributed to spathulenol, which is one of the mean substances in the leaves [34].
Spathulenol is a terpenoid compound with high reducing potential. Others
compounds, reducer agents that can be associated with the synthesis of nanopar-
ticles, are geranial and neral [34]. In all cases, these substances provide the electrons
to reduce the Ag ion in Ag metal.

Figure 8 shows the Raman spectra of the AgNPs synthesized with 5 ml of A.
triphylla extract. In the spectra is observed an intense band at 240 cm™'. According
to Mukherjee, this is attributed to Ag—N bonds [51]. Another band observed at
550 cm™"' corresponds to the C—Cl bond. The aromatic and amide bonds are
centered at 1380 and 1610 cm ™", respectively. These results confirm the involve-
ment of amines and aromatic compounds in the capping process of the
nanoparticles.

Fig. 7 FT-IR analysis of the A. 120+

triphylla extract and AgNPs | |77 AgNPs

— A triphylla extract

40-

Transmittance (%)
N
[}

N
(=)
I

0 . . T
4000 3000 2000 1000

Wavenumber (cm’l)

@ Springer



Synthesis and Catalytic Evaluation of Silver... 1997

Fig. 8 Raman spectra of the
AgNPs synthesized with A. Ag-N
triphylla extract
2000+
2
w
=
3
R= 1000 ol Aromatic
g . Amide
&
0_
500 1000 1500

Wavenumber (cm’)

The degradation of methylene blue with the AgNPs synthesized with 5 ml of A.
triphylla extract was observed in the Uv—vis spectra as shown in Fig. 9. As has been
reported, the band corresponding to methylene blue appears at 664 nm [38—40]. For
30 min, the band intensity decreases, and this behavior is the same for 60 and
90 min. At the end of the reaction, the organic dye band showed a significant
decrease in intensity, demonstrating the ability of AgNPs to degrade organic dyes.
According to Tahir, the mechanism of the decomposition of methylene blue by
silver nanoparticles is due to the radicals generated by electrons with high energy.
This level of energy is obtained because the valence electrons of AgNPs are beaten
by the light. After that, these electrons are emitted from the valence orbital of
AgNPs, and then the reduction of methylene blue is carried out [39].
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Fig. 9 UV-Vis spectra showing the methylene blue degradation in presence of AgNPs
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Conclusions

AgNPs were obtained using A. triphylla leaf extract as a reducing agent and
stabilizing agent at room temperature. The AgNPs were characterized by Uv-vis,
XRD, SEM, FT-IR, RS, and TEM measurements. The Uv—vis analysis showed the
surface plasmon resonance band around 430-445 nm, which is typical of the silver
nanoparticles formation. The XRD technique confirms the presence of solids bio-
reduced by the fcc structure of Ag. SEM and TEM observations showed spherical
nanoparticles exhibiting size ranges of 5-40 nm. The FT-IR and Raman studies
showed bands corresponding to phenolic compounds and the amide group involved
in the synthesis and stabilization of AgNPs, respectively. The results also indicate
that as the A. triphylla leaf extract/precursor salt (AgNOs) ratio increases, the size of
the nanoparticles decreases. Furthermore, as the reaction temperature increases, the
reduction rate increases too, resulting in the formation of smaller nanoparticle size
ranges. The Uv—vis results indicate that the AgNPs can reduce the methylene blue.
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