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Abstract

A facile, green, and an efficient method for the synthesis of AgNPs (silver nano-
particles) using Lathyrus brachypterus var. brachypterus extract is reported. AgNPs
was characterized by UV—Vis, XRD, TEM and FTIR. The UV-Vis spectra of the
AgNPs revealed a characteristic surface plasmon resonance peak at 452 nm. The
synthesized AgNPs reacted as a heterogeneous catalyst for the reduction of dyes
(methylene blue, methyl red and methyl orange) both in unary and ternary mixture
(TM) with and without NaBH, (sodium borohydride). The kinetic parameter (k) for
the degradation reactions and half-life (¢,,,) of dyes has been calculated according to
Michaelis—Menten kinetics. Green synthesized of AgNPs effectively degraded the
dyes at approximately 4—-6 min. In addition, oxidation studies of methyl orange with
H,0, (hydrogen peroxide) have been also carried out and it has been reported that
AgNPs can be reused as heterogeneous catalysts. The oxidation of MO was moni-
tored with a UV—Vis spectrometer. AgNPs was separated using a filter paper after
the oxidation of MO. The separated AgNPs were reused without important loss of
its activity with a conversion efficiency of around 98%.
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Introduction

In recent years, the silver nanoparticles (AgNPs) have been fascinated by the
research community due to their large surface area, low melting point, catalytic,
optical, sensor, pharmaceutical and biomedical properties [1-5]. The AgNPs can
be prepared by various chemical and physical approaches, but chemical method is
toxic and harmful to the environment [6]. This enables the researchers to turn for
green approach, an eco-friendly and facile towards the synthesis of nanoparticles
[7]. Various microorganisms, such as fungi and bacteria and various plant parts,
such as fruit, seed, leaf, root and flower were successfully utilized for the syn-
thesis of AgNPs [8—11]. In this present study, we propose a new endemic plant
(Lathyrus brachypterus) which has safe, ecofriendly and non-toxic properties
used as reduction and stabilizing agent for the synthesis of AgNPs. Lathyrus L. is
a genus of plants with more than 200 taxa in the world [12]. 79 taxa, 25 of which
are endemic, are distributed in the flora of Turkey [13-21]. Some species of the
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genus are also used as human food or animal feed [22, 23]. Lathyrus brachypterus
Cel., which was first defined by L. Celakovsky is a species belonging to this
genus [24]. This species was later reduced to variety level as L. brachypterus
var. brachypterus. L. brachypterus var. haussknechtii (éirj.) Davis, L. pallescens
(Bieb.) Koch and L. karsianus P. H. Davis are the closest taxa taxonomically to
mentioned taxon located in the Sect. Platystylis. The taxon distributed in Ankara,
Kayseri, Adana, Kahramanmaras, Nigde and Hatay provinces in Turkey is dis-
tinguished from its closest relative, L. brachypterus var. haussknechtii, by the
pinnate leaves [13]. The morphological characteristics of L. brachypterus var.
brachypterus, an endemic plant that grows on pastures and rocky slopes, are stated
in Davis as follows: Plant erect, glabrous to + pubescent, perennial. Stems wing-
less, 20—40 cm. median leaves pinnate or subdigitate, aristate; leaflets 2—3 paired,
linear to oblong-linear, 25-55% (1 —)2-7 mm, (3 —)5(—7) parallel-nerved, stip-
ules lanceolate-subulate, longer than the 2—4 mm petiole. Peduncles 1-2 X leaves,
rather closely 2—10 flowered. Flowers cream or pale sulphur, (15—-)18-25 mm.
Calyx (5—)6-9 mm; teeth unequal, the lowest slightly shorter than tube. Style
filiform except for the slightly dilated apex, (6.5 —-)7-10%0.5-1 mm. Legumes
(immature) linear. In the current study, the ability of this taxon to synthesize
AgNPs was tested and it was observed that AgNPs were successfully synthesized
with a high yield.

The release of organic dye effluents from textile, leather, cosmetic, paper, food
and plastic industries pollute the environment because of the recalcitrance, unde-
sirability and high visibility of these dye stuffs [25, 26]. During different dye-
ing processes in the textile industry, approximately 200 billion liters of colored
wastewater are produced annually, depending on the type of fabric and dye, and
this wastewater pollutes the both surface and groundwater, posing a danger to
aquatic life, humans and the environment [27, 28]. In general, dyes particularly
affect aquatic organisms [29] and they cause eutrophication and reduce the oxy-
gen capacity of the water, preventing the penetration of sunlight [29]. In addition,
many of these dyes are mutagenic and carcinogenic [30]. Therefore, it is essential
to develop environmentally friendly and inexpensive methods to eliminate these
dyes contamination from the environment.

The aim of this study is to use AgNPs synthesized by green method to remove
some dangerous dyes from water solution because unloading of these dangerous
dyes from textile industries in the groundwater, rivers and lakes has become an
earnest problem, which contributes to boost their pollution levels severely. These
pollutants are difficult to eliminate by traditional water treatment procedures. In
this study, three type dyes, such as a thiazine dye (methylene blue, MB) and azo
dyes (methyl red, MR and methyl orange, MO) with different chemical structures
have been chosen to evaluate the catalytic performance of synthesized AgNPs.
Degradation rate of dyes both in unary and ternary mixture (TM) was occurred as
nearly 100% within between 4 and 6 min. Finally, it has been proved that green
synthesized AgNPs have efficient catalytic activity for comprehensive reduc-
tion and oxidation of organic dye compounds with high efficiency. Furthermore,
AgNPs have been successfully reused without lossing of their catalytic activities.
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Material and methods
Materials

Silver nitrate (AgNO;) and sodium borohydride (NaBH,) were obtained from Fluka.
Hydrogen peroxide (H,0,) and MB were obtained from Sigma-Aldrich. MO and
MR were obtained from Merck. All solutions in experimental studies were pre-
pared with high purity water (18 MQ cm) obtained from PURIS pure water system
(PURIS, Expe-UP Series). All of the materials were in analytical reagent grade and
utilized as received without any purification.

Instrumentation

The chemical and morphological characterizations for the synthesized AgNPs were
performed by Shimadzu UV-1800 (UV-Vis), Perkin Elmer Fronter model FT-IR,
Bruker D8 Advance model X-ray diffraction (XRD) with a CuKa radiation source in
20 range from 10° to 90°, TEM-120 kV Transmission Electron Microscope (TEM).

Synthesis of AgNPs

1.0 g of Lathyrus brachypterus was gauged and mixed with 50 mL of distilled
water. The mixture was stirred continuously at 25 °C for 5 h and solid phase was
separated with a filter paper to obtain L. brachypterus extract [5, 25]. To prepare
AgNPs, 5 mL of extract was mixed with 0.1 M, 45 mL of AgNOj;. Then, the mix-
ture was left at room temperature with magnetic stirrer to efficiently complete the
synthesis of AgNPs in which plant extract acted as both stabilizer and reduct-
ant. After the reduction of Ag* ions to Ag® was completed for about 5-6 min,
the AgNPs were filtered through a Whatman No 1 filter paper (90 mm, 82 g/
m? and pore size: 15-19 um). The synthesis of AgNPs was also recognized by
both the color change of mixture and the characteristic resonance band observed
by UV-Vis spectrum (Fig. 1). As a result, 625 mg AgNPs was synthesized in

Fig. 1 UV-Vis spectra of the L. —— AgNPs
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relatively high yield (85.71%) in an environmentally friendly method using the
endemic plant extract of lathyrus brachypterus powder at room temperature with-
out using any reducing chemicals.

Catalytic activity of AgNPs

The catalytic activity of AgNPs was investigated using the degradation of some
dyes such as MR, MB and MO using both with NaBH, and without NaBH,. These
three dyes are chosen due to the exhibition distinct colours for both reduced and
oxidized structures. The reduction of these dyes both in unary and TM in the
existence with both AgNPs and/or NaBH, was conducted at 25 °C. For this, 1 mL
of NaBH, (1x 1072 mol L™!) was mixed with 1 mL of dyes (1x 10~ mg L™).
Then, 0.5 mL (14 mg) AgNPs was added to this mixture and the UV-Vis spectra
were used at regular intervals to follow the reduction of dyes which were shown
by the decolorization of the solution to colorless. The concentrations of MR, MO
and MB dyes were quantified by measuring the absorption band at 415, 460 and
664 nm [31, 32].
These dyes and their degradation products are:

NH2 N(CH3)2
N SOH NH2
(T
M
- N AN A+ CHs N
-N S N N
HyC-N, : [ ———— l
CH, CI' CH, ANg CHy
H)C_N. N\
CH, CH,
MR NH2 N(CH3)2
4
2 NH2

In addition, the catalytic activity of AgNPs was also investigated with the oxida-
tion degradation studies for the MO dye. The oxidation of MO with AgNPs used as
heterogeneous catalyst in the presence of H,O, was carried out at room tempera-
ture. For this, 0.1 g AgNPs catalyst was added to 100 mL of 25 ppm MO solution.
Then, 3 mL of 30% H,0, was added and mixed at 300 rpm (pH=6.80) in a mag-
netic stirrer at room temperature. By taking 3 mL of the mixture at regular inter-
vals, UV-Vis measurements were performed. It was observed that the oxidation was
completed after the color removal of the dye and with the disappearance of the MO
peak (pH=5.2). After oxidation, the mixture was centrifuged at 7000 rpm for 3 min
and AgNPs were separated from the mixture by filtration, and 3 cycles of measure-
ments were performed to test the reusability of AgNPs.
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Results and discussion
Characterization

The AgNPs were characterized by FTIR, UV-Vis, HR-TEM (high resolution-TEM)
and XRD. The UV — Vis spectroscopy is a generally used to determine the different
metal nanoparticles [33]. The synthesis of AgNPs using endemic plant extract was
firstly decided with the colour changes in which a light green colour of solution was
gradually changed to black colour. In addition, in the UV—Vis spectral analysis, the
characteristic absorbance peak at about 452 nm is commonly used for the definition
of AgNPs [5, 26, 34, 35]. UV-Vis spectra of both plant extract and AgNPs were
given in Fig. 1.

In order to support the synthesis of AgNPs and to understand on which bonds
the nanoparticle proceeds, FT-IR analyzes of both plant extract and AgNPs were
performed and given in Fig. S1 as comparatively. In the FT-IR spectra of plant
extract, ~OH peak was observed at 3285 cm™. The peak observed at 2973 cm™! cor-
responds to N—H bond, the peak observed at 1650 cm™! corresponds to C=C double
bonds or aromatic rings, and the peak observed at 1420 cm™' corresponds to C=0
stretching in the carboxyl group. The peak observed at 1026 cm™! corresponds to
the stretching of the amines—CN—and the peak observed at 602 cm™! corresponds
to the C—H vibration. The peak observed at 1307 cm™' may be associated with gem-
inal methyl. FT-IR results prove the presence of alkaline, methylene, alkene, amine,
phenol and carboxyl groups in the plant extract. These chemical groups have proven
to be reducing agents that assist in the synthesis of AgNPs [34, 35]. When FTIR
spectra of the both plant extract and AgNPs are compared, it is seen that the peak
intensities are either very weak or completely lost in the AgNPs spectra with respect
to the plant extract spectra suggesting that the endemic plant used for the first time,
is an effective reducing agent for the synthesis of AgNPs.

In order to determine the crystal structure of the synthesized AgNPs, XRD analy-
sis was performed and the XRD measurement result was given in Fig. S2. As a result
of the obtained diffraction patterns, peaks belonging to (111), (200), (220) and (311)
crystal structures were observed corresponding to the angle values of 26=38.1°,
44.3°, 64.4° and 77.5° for metallic silver (JCPDS 04-0783). From these results, it
was understood that there was a metallic silver in a face-centered cubic structure.
In addition, it was concluded from the diffraction patterns that the metals from the
plant were found as impurities. In this part of study, particle sizes of AgNPs were
calculated using the Scherrer equation from the XRD results.

Calculation of D, particle size using the Scherrer equation;

kA
Dy, = (Beost) (1

Here D, is the particle size (nanometers), k=0.94 is the constant associated with
the crystal shape, § is the measure of the full width of half hight of the peak at the
maximum intensity (in the 111 plane) in the spectrum, A is the X-ray wavelength,
and O is the angle of the diffraction peak (Bragg). The average particle size of
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AgNPs found in the calculation with the characteristic Ag (111) peak was found to
be 6.08 nm.

TEM analyzes were also performed to observe the geometric properties, particle
size and distribution of the synthesized AgNPs. It is observed in Fig. S3 that AgNPs are
formed properly, they are in crystalline structure and there is no big difference between
their sizes. In addition, from the size distribution histogram in Fig. S3, it is seen that
the nanoparticle size varies between 6 and 30 nm; the average size of the particles was
found to be 14.15+0.20 nm. As seen, there is a good agreement with the particle sizes
calculated by the Scherrer equation in the XRD spectra shown in Fig. S2.

Catalytic activity

The catalytic activity of AgNPs for MR, MO and MB dyes in both unary and TM
were investigated at 25 °C. This process was described in section “Catalytic activity of
AgNPs”. These dyes and their degradation products were also given in section “Cata-
lytic activity of AgNPs”. For the removal of these dyes, AgNPs and/or NaBH, were
used. Firstly the experiments were carried out only using NaBH,. For this, 1 mL of
dyes was taken in quartz cuvettes and then 1 mL of NaBH, (1 x 10 mol L) solution
was added to this dye solution. Initially, there was a slightly color change occurred in
the dyes but then NaBH, could not further reduce the dye even after 1-2 h. The experi-
mental results reveal that only NaBH, is not so effective for completely reducing the
dyes and AgNPs are needed to completely reduce the dye compounds to their degra-
dation products. Moreover, it was also observed from the experimental results that all
dyes were successfully adsorbed in a short time with only using AgNPs synthesized
by using endemic plant extract without needing any chemicals because of their strong
adsorption property (Figs. S4-S7).

For the degradation mechanism, it can be said that BH,~ ions formed by NaBH,
ionization diffuse into AgNPs together with dye molecules. These emitted BH,~ ions
produce bonded hydrogen on the AgNPs surface. The dye molecules reach onto the
AgNPs surface and are quickly bound there due to electrostatic interactions (due to
negative charge on the Ag surface and positively charged dye molecules). The hydro-
gen interacts with the dye molecules through the nanoparticle, which acts as an elec-
tron carrier, and the dye molecules are then degraded. In addition, while BH,™ ions are
nucleophilic, dye molecules are electrophilic compared to metal nanoparticles. During
the catalytic decomposition reaction, dye molecules capture electrons from BH,~ ions
via metal nanoparticles. Thus, metal nanoparticles play a role as electron transfer center
in dye degradation in the presence of NaBH,. It has been accepted that the possible
reduction reaction mechanism of dyes occurs through the following steps [36].

Ag/NaBH, + hy/ — Ag/NaBH,(h* —¢7)

2¢ + MOH* + H* — MOH,(Degradation product)

In addition to adsorption and/or degradation of dyes by AgNPs, the oxidation of MO
at room temperature was also performed as described in section “Catalytic activity of
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AgNPs". For the reusability of AgNPs heterogeneous catalysts, 3 cycles of measure-
ments were made; they have been observed that they can be successfully reused with-
out significant loss in their catalytic activities (Fig. 2).

In principle, it can be said that the decompositions of dyes by oxidation are based on
the principle of producing OH- radicals. H,0, adsorbed by the metal nanoparticle takes
electrons from the metal nanoparticle and forms OH- radicals as a result of OH™ ion
oxidation. These radicals adsorbed by the nanoparticle react with the dye on the surface
and cause the dyes to decompose. In other words, the OH- radical oxidizes the dye and
converts it to CO, and H,O. The rate of catalytic oxidation depends on both adsorp-
tions of H,O, on the nanoparticle surface and electron transfer from the nanoparticle.
It can be said that nanoparticles effectively weaken the O—O bond, providing an advan-
tage for H,O, adsorption and increasing the electron transport rate. In the literature, it
has been explained that the possible oxidation reaction mechanism of MO occurs in the
presence of hydroxyl (HO-) and hydroperoxyl (HOO-) radicals formed from H,O, [37].

Kinetic study

The process of catalytic degradation of MB, MR and MO dyes both in unary and TM
were found to follow the pseudo-first-order kinetic model.

dc, K )
—— = KkC
dt
C —kt
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Fig.2 A UV-Vis spectra of degradation of MO dye using AgNPs catalyst. (3 mL; Concentration of mix-
ture MO; 25 ppm 100 mL, H,0,; %30 3 mL, nanoparticle; 0.1 g) B Reusability of AgNPs
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Fig.3 % Reduction of dyes and Pseudo-first order kinetic model for degradation of MB, MR, MO dyes
both in unary and TM using A only NaBH, B only AgNPs C AgNPs with NaBH, (Concentration of dye;
1mL, 1x1073 mg L, NaBH,; 1 mL 1x 102 mol L, nanoparticle solution with water; 0.5 mL)
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Fig.4 a Pseudo-first order kinetic model for oxidation of MO, b The curves of the Michaelis—Menten
kinetics of the degradation of MO by AgNPs. The above curves were obtained by non-linear least
squares fitting. (3 mL, concentration of mixture MO; 25 ppm 100 mL, H,0,; %30 3 mL, nanoparticle;
0.1g)

Here, C and C, are dyes concentrations at t time interval and initial, respec-
tively. k is the reaction rate constant; ¢ is the reaction time. The values of rate con-
stant and standard deviations are obtained by non-linear least squares fitting [38,
39], as shown in Figs. 3, 4a and Table 1.

ty, =In2/k 4)

Equation 4 can be used to calculate the half-life ¢,,, of dyes with AgNPs and
all results are listed in Table 1. Moreover, the catalytic degradation is calculated
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Table 1 The kinetic data results Dye k (min") R? t,, (min)

AgNPs+NaBH, MB  0.3014+0.0005 0.9915 2.3
MO  0.3301+0.0001  0.9999 2.1
MR  0.2166+0.0010  0.9857 32
™  0.2888+0.0008  0.9892 2.4
Only AgNPs MB  0.2100+0.0013  0.9850 33
MO  0.2236+0.0009  0.9864 3.1
MR  0.2166+0.0010  0.9857 32
™  0.1733+0.0017  0.9801 4.0
AgNPs+H,0, MO  0.0420+0.0021  0.9727 16.5

according to Michaelis—Menten kinetics [39] and the effect of the initial concen-
tration on the MO oxidation rate is found by the Eq. 5.

ViaxC

max

T Ky+C ®)
Here, V is the initial rate, C represents concentration, V. and Ky, are related to
maximum initial rate and Michaelis constant, respectively. When the initial concen-
tration range of MO is 3-12 mg L', the values of V,, and Ky, can be obtained
by non-linear least squares fitting [40]. Fig. 4b depicts that the dyes concentra-
tion ranges in Michaelis—Menten curve is suitable. V.. and Ky are calculated as
0.6614+0.0099 mg L~ min~" and 1.2056 +0.2800 mg L~!, respectively.

Conclusion

AgNPs were easily, reliably, economically synthesized with high yield (85.71%) by
endemic lathyrus brachypterus plant extract used for the first time for the synthe-
sis of AgNPs. Based on UV-Vis, FT-IR, XRD and TEM characterization results,
AgNPs were successfully synthesized and it was observed in the FTIR spectra that
the carboxyl, amine and phenol groups found in the endemic plant extract were
effective for both reduction and stabilization. In addition, it was observed from XRD
spectra that the synthesized AgNPs were in a face-centered cubic crystalline struc-
ture and the average particle size of AgNPs using the characteristic Ag (111) peak
is found to be 6.08 nm. Based on TEM results, the nanoparticle sizes were varied
between 6 and 30 nm and they were consistent with XRD results. Furthermore,
the catalytic activities of synthesized AgNPs used as heterogeneous catalysts were
investigated for the removing of MB, MO and MR dyes and their kinetic parameters
were calculated. For this, the degradation studies of MB, MO and MR dyes were
carried out using only NaBH,, only AgNPs and AgNPs in the presence with NaBH,
for both in unary and TM. As a result of the catalysis applications, all dyes were
reduced in a very short time between 4 and 6 min with AgNPs in the presence with
NaBH,. It was also observed that when only NaBH, was used, the reduction process
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was not efficiently occurred and only 20% of dyes were reduced in a period of 1 h.
On the other hand, AgNPs alone were effective for the adsorption of dyes in a short
period of time between 6 and 8 min. In addition, the synthesized AgNPs were used
as a heterogeneous catalyst in the oxidation decomposition studies of the MO dye in
the presence with H,O,. It was observed in this study that the dye was degraded in a
shorter time than the times given in the literature. The reusability of AgNPs was also
tested by performing 3 more cycles of oxidation study and a conversion efficiency
was found to be 98% without losing activity. The kinetic parameter (k) and half-lives
(t,;p) of the dyes for the degradation reactions of the dyes were calculated according
to the Michaelis—Menten kinetics.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-022-02299-3.
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