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Abstract

In this study, selective green synthesis of gold nanoparticles (nAu) with the use of Tarragon extract (Artemisia dracunculus) was
investigated. Characterization of the synthetized nAu was carried out using several techniques including: UV-Vis, SEM, zeta
potential analysis, DLS, and ATR-FTIR. Based on measurements of Tarragon extract by HPLC-MS, significant chemical sub-
stances participating as reducing and stabilizing agents were identified. FTIR confirmed typical functional groups that could be
found in these acids on the nAu surface, such as O-H, C=0 and C-O. The effects of various parameters (concentration of Tarragon
extract, Au precursor, and initial pH of the synthesis) on the shape and size of the nanoparticles have been investigated. UV-Vis and
SEM confirmed the formation of nAu at various concentrations of the extract and Au precursor and showed correlation between
the added extract concentration and shift in maximal absorbance towards higher frequencies, indicating the formation of smaller
nanoplates. Zeta potential determined at various pH levels revealed that its value decreased with pH, but for all experiments in the
pH range of 2.8 to 5.0, the value is below — 30 mV, an absolute value high enough for long-term nAu stability. In order to evaluate
nAu catalytic activity, the reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride was used as a model system. The
reaction takes place 1.5 times faster on Au-triangles than on Au-spherical NPs.
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Introduction various fields, e.g., solar energy conversion (Lenert et al.
2014), remediation (Hrabak et al. 2016; Wactawek et al.
2017), and cancer therapy (Li et al. 2018). The most common
characteristics of nanomaterials are their dimensions (the
number of external dimensions, which are not confined to
the nanoscale range, is generally beneath hundreds of nano-
meters), size, and shape (Jain 2014).

The main practical applications of nanotechnology can be
assorted into the following four groups: (1) nanobiotechnology
and nanomedicine, (2) nanomaterials, (3) nanoelectronics, and
(4) nanosensors/nanodevices, nanotechnological instrumenta-
tion, and nanometrology (Valcércel Cases and Lopez-Lorente
2014). The last area is associated with analytical science,
which has a crucial function in the other three (Valcarcel
Cases and Lopez-Lorente 2014). Nanoparticles of Au (nAu)
and Ag (nAg) are the most commonly used for biomedical
applications and in emerging interdisciplinary areas of
nanobiotechnology (Begum et al. 2009).

Nanoparticles have long been acquired both physically and

Nanoscale particles (NPs) are omnipresent and can be found
in nature as inorganic particles, e.g., dust, acrosols, and clays,
or organic particles, e.g., proteins, viruses, organic colloids,
and vesicles (Buzea et al. 2007). Nowadays, they can be also
acquired synthetically for their subsequent application in
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chemically, e.g., by chemical reduction with sodium borohy-
dride, hydrazine hydrate, or ethylene glycol. Application of
these chemicals may result in their assimilation on the surface


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-2510-4&domain=pdf
http://orcid.org/0000-0002-8430-8269
https://doi.org/10.1007/s11356-018-2510-4
mailto:stanislaw.waclawek@tul.cz
mailto:miroslav.cernik@tul.cz

Environ Sci Pollut Res (2018) 25:24210-24219

24211

of the NPs, increasing their toxicity (Ha et al. 2010). Recent
developments show the decisive character of microorganisms
and biological systems (e.g., plant extracts) in the biosynthesis
of metallic nanoparticles (Makarov et al. 2014; Kudlek et al.
2017). The bioreduction of metal ions by combining biomol-
ecules found in plant extracts (e.g., vitamins, amino acids,
enzymes, polysaccharides, and organic acid salts, such as cit-
rates) is environmentally friendly and does not use harmful
and costly chemicals (green chemistry approach) (Nadagouda
and Varma 2008). Extracts from plants may act as both reduc-
ing and capping agents in the nanoparticle synthesis (Varma
2012; Mohammadinejad et al. 2016; Padil et al. 2016).
Current research of the biosynthesis of nanometals using plant
extracts has unfolded a fresh era in fast and non-poisonous
techniques for the production of nanoparticles; however, the
chemical processes are indeed complicated (Shankar et al.
2004; Ankamwar et al. 2005; Wang et al. 2008). For instance,
Wang et al. (2008) reported the synthesis of nAu, whereby an
electrochemical process applying an amino-terminated ionic
liquid was used for ion reduction and nAu stabilization. With
this approach, small NPs with an average size of ~2 nm were
synthesized.

Sharma et al. (2012) described that tea leaf extract can be
used for nAu synthesis and variations in the concentration
of the tea leaf extract control the size distribution of the
nAu created. Huang et al. (2010) determined that
Bayberry’s tannin extract can be applied at the same time
as reducing and protective agents to form nAu with an
average size of ~2 nm. Similarly, nAu produced by
Suman et al. (2014) and Shankar et al. (2003), with the
extract from Morinda citrifolia roots and Pelargonium
graveolens leaves with its endophytic fungus had an aver-
age size in the range of 8—17 and 20-40 nm, respectively.
Cruz et al. (2010) and Dinakar et al. (2013) synthesized
nAg with a size in the range of 15-30 nm from Lippia
citriodora. Many researchers obtained an anisotropic shape
of nAu using plant extracts, e.g., Camellia sinensis,
Cucurbita pepo, Malva crispa, Dioscorea bulbifera, and
fungi extracts, e.g., Trichoderma viride and Neurospora
crassa (Ghosh et al. 2011; Quester et al. 2013; Kalyan
Kamal et al. 2014; Chandran et al. 2014; Kumari et al.
2016). Kumari et al. (2016) proved that cell free extract,
which is a source of reducing and stabilizing agents, can
have an effect on the growth of nAu. Despite a large num-
ber of studies involving this green synthesis, there are still
many unknown factors, e.g., selection of the proper active
substance for reduction and stabilization or for controlling
the shape and size of the synthesized NPs.

nAu particles are considered as excellent catalysts (Zhao et
al. 2015; Wactawek et al. 2018). One test set-up is the reduc-
tion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by so-
dium borohydride (NaBH,4) (Ma et al. 2017), which has been
used to study the catalytic activity of metal nanostructures

with different shapes, sizes, and composition. The mechanism
of this reduction can be explained by the ability of nAu to
transfer the electron from BH, to 4-NP (Zhao et al. 2015;
Ma et al. 2017).

In this paper, nAu were prepared by reduction and sta-
bilization with the use of Tarragon extract (Artemisia
dracunculus). For this, the ideal extraction conditions were
examined (influence of the extract and the gold precursor
concentration, pH during the synthesis). The resulting ex-
tracts were characterized by HPLC/MS/MS analysis, the
functional groups for the reduction and stabilization of
nAu by ATR-FTIR spectroscopy, and morphology of the
synthesized nAu by SEM. Reduction of 4-NP by NaBH,
was used as a model system to evaluate the catalytic activ-
ity of different shapes (triangle vs. spherical) and sizes of
synthesized nAu.

Materials and methods
Chemicals

Tetrachloroauric(Ill) acid (99.999%), 4-nitrophenol (99%),
and sodium borohydride (99%) all purchased from Sigma-
Aldrich; NaOH 0.1 M and sodium hydroxide from LACH-
NER, s.r.0., (Czech Republic), and ethanol from VWR BDH
Prolabo Chemicals (Belgium) were used in the experiments.
MiliQ water (18.2 MQ cm ™', ELGA, Veolia Water, Marlow,
UK) was also used in all of the experiments.

Analytical

UV-Vis spectra of nAu were measured within the wavelength
range of 200—1100 nm by an ultraviolet-visible LAMBDA™
35 UV-Vis spectrophotometer (PerkinElmer, USA) with
matched 1-cm quartz cells (cuvettes).

The pH was determined using a pH meter (InLab® Expert
Pro-ISM).

The composition of organic compounds contained in the
plant extract was measured without separation by FIA-MS in
the MRM mode developed on HPLC high-performance liquid
chromatography (Dionex UltiMate 3000—Thermo Fisher
Scientific).

The composition and morphology of the synthesized nAu
were studied using a scanning electron microscope (SEM)
with a beam current of between 12 and 40 nA and an accel-
eration voltage of between 0.02 and 30 kV, with a complete
detection system comprising an in-lens energy and angle se-
lective backscatter detector (EsB), a 4-quadrant solid-state
backscattered detector (AsB), and a conventional secondary
electron detector (Everhardt-Thornley, ZEISS, Ultra/Plus,
Germany).
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The zeta potential values and dynamic light scattering
(DLS) were determined in freshly prepared suspensions by
Zetasizer ZS (Malvern Instruments Ltd., UK). Measurements
were performed (ten runs each) with autocorrelation functions
of 10 s. Each result was the average of triplicate measurements.

Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) spectra were acquired at 4000—
700 cm ' (with a resolution of 4 cm ') using a germanium
ATR crystal (NICOLET 1210, Thermo Scientific, USA)
equipped with a single reflection angle 45° horizontal ATR
accessory.

Extraction process and experimental design

Tarragon (A. dracunculus) extract was prepared from dried
herbs (Kawon, Poland) by extraction with ethanol to in-
crease the efficiency of the process (Yee et al. 2015). In
short, 0.4 g of Tarragon was extracted in 20 mL of 30 v%
of ethanol by the microwave digestion system (MAGNUM
II, ERTEC, Poland). Based on previous tests, an extraction
temperature of 80 °C was chosen as the temperature limit
(Fig. S1), which corresponds to a 90 W (30% of the maxi-
mum power of the microwave system). After 220 s of
heating, the system was cooled down for 400 s. Finally,
the extract was filtered with a 0.2-um pore size filter (nylon
Whatman® membrane filters).

Different Tarragon cultivars have already been measured by
high-performance liquid chromatography. They can contain
flavonoid compounds such as: pentahydroxymethoflavone,
estragoniside, glycopyranoside, dihydroxyflavavone,
pinocembrin, luteolin, quercetin, rutin, kaempferol,
annangenin, dihydroxyflavone, naringenin,
trihydroxymethoxyflavanone, trihydroxydimethoxyflavanone,
dihydroxymethoxydihydrochalcone, davidigenin, sakuranetin,
and phenylpropanoids compounds: chicoric acid,
hydroxybenzoic acid, hydroxymethoxycinnamic, chlorogenic
acid, caffeic acid, caffeoylquinic acid, and caffeoylquinic acid
(Obolskiy et al. 2011). The 12 key biologically active second-
ary metabolites are coumarins (> 1%), essential oils (0.15—
3.1%), and phenolcarbonic and flavonoids acids (Obolskiy et
al. 2011). However, this research is mainly focused on the
detection of phenolic and flavonoid compounds (Table 1),
which are responsible for nanoparticle reduction (Sahu et al.
2016). For instance, in the study by Khezrilu Bandli and
Heidari, (2014) seven phenolic compounds were detected in

leaves (gallic acid, p-hydroxy benzoic acid, vanillic acid, p-
coumaric acid, syrinjic acid, ferolic acid, sinapic acid).

Synthesis and purification of nAu

Synthesis of nAu was performed in continuously heated and
stirred (150 rpm) reactors prepared for this purpose (Fig. S2).
Basing on previous work (Das et al. 2011), the process was
conducted at a temperature of 80 °C, and if not specified
otherwise at a pH of 2.8, HAuCl, concentration of 0.5 mM,
extract concentration of 3% (v/v), and reaction time of 15 min.
The effects of various extract and precursor (HAuCl,) concen-
trations, time, and pH were studied. Time varied in the study
from 0 to 60 min and extract concentration and precursor
concentration from 3 to 5% and 0.05 to 5 mM, respectively.
For testing the influence of the pH value from 2.8 to 5, the
appropriate amount of 0.1-M NaOH solution was added to the
reactor.

Before analysis, nAu were purified by centrifugation at
4600 rpm for 15 min (Hettich Rotanta 460R centrifuge) and
washed several times with MilliQ water (Balasubramanian et
al. 2010). The effectiveness of the purification was confirmed
by UV-Vis analysis (Figs. S3 and S4).

Catalysis studies

The catalytic reduction of 4-NP was conducted in a quartz
cuvette (1 mL), wherein 70 uL of 4-NP (1 mM) solution
was diluted by 430 uL of milliQ water. The color of the
solution changed from colorless to dark yellow after the
addition of 340 uL of NaBH,4 (63 mM). Immediately after,
160 puL of nAu solution (0.125 mM) was added and the
resulting solution was mixed several times by pipetting.
The maximum absorbance (at 401 nm) was continuously
measured during the experiments and converted to 4-NP
concentrations based on the calibration curve. The kinetics
of 4-NP reduction were fitted to the pseudo first-order
kinetic model:

In (C%) = —kt (1)

where C and C, are the summed 4-NP concentrations at
time (¢) and ¢=0, respectively, and & is the pseudo first-
order kinetic rate constant.

Table 1 Organic compounds found in Artemisia dracunculus extract after microwave digestion

Tannic acid Ascorbic acid Salicyic acid Niacin Ethyl p-anisate 2-5-DHBA Caffeic acid Chlorogenic acid Rutin
(mg/L) (mg/L) (mg/L) (mgll)  (mgL) (mg/L) (mg/L) (mg/L) (mg/L)
11.65 0.93 1.945 0.226 0.327 0.560 20.95 26.5 17.15
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Fig. 1 UV-Vis spectra of nAu
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Results and discussion

The effects of various parameters (concentration of Tarragon
extract, Au precursor, and initial pH of the synthesis) on the
shape and size of the nanoparticles were investigated.

Effect of tarragon dose

The effect of the dose of Tarragon extract (1-5% (v/v)) on
the size and shape of nAu was evaluated by UV-Vis and
SEM analysis and can be observed in Figs. 1 and 2,
respectively.

The Tarragon extract concentrations of 1 and 2% were
found to be ineffective for the synthesis of nAu (no character-
istic peaks were detected in the UV-Vis spectrum), whereas
after the addition of 3 to 5%, the color of the samples turned to
pinkish violet. In addition to the peak at 530 nm, subsequent

peaks at 700 (5% of Tarragon extract), 780 (4% of Tarragon
extract), and 850 nm (3% of Tarragon extract) were observed.
A correlation was observed between the concentration of the
added extract and the shift in the maximum absorbance to-
wards higher frequencies. Indeed, the SEM images confirmed
that in the sample with 5% Tarragon extract, the triangle
nanoplates were the smallest (with a size of between 35 and
50 nm), compared to 40—75 nm (for 4%) and 80 to 130 nm
(for 3%) (see Fig. 2). The shift in the maximum absorbance
most likely reflects an increase in nanoprism edge length
(Kelly et al. 2003). The band at around 800-920 nm corre-
sponds to a triangular shape with an edge length of less than
100 nm (Fazal et al. 2014). Au nanoplates, with edge lengths
of 100-150 nm by seaweed extract synthesized by Liu et al.
(2005), have broad SPR bands at 1015 nm. In other literature,
the band at 1300 nm correlates to nanoplates with an edge
length of 150-200 nm (Millstone et al. 2005). All of the

Fig.2 SEM images of nAu obtained with different Tarragon extract concentrations: a 3%, b 4%, and ¢ 5% (conditions: reaction time = 15 min; 0.5-mM

HAuCly; T=280 °C)
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Fig. 3 UV-Vis spectra of nAu
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samples also contained spherical nanoparticles with sizes from
30 to 50 nm.

In further experiments (if not specified otherwise), a
Tarragon extract dose of 3% was used for the nAu synthesis.

Effect of Au concentration

The influence of different precursor concentrations from 0.05-
to 5-mM HAuCly on the shape and size of the nanoparticles
was investigated. The UV-Vis spectrum (Fig. 3) and SEM
images (Fig. 4) show that the precursor concentrations of
0.05 and 0.275 mM were effective in creating spherical nAu.
For instance, the sample with 0.05 mM of HAuCl, possesses a

Fig. 4 SEM images of nAu
synthesized from HAuCly
concentrations of a 0.050, b
0.275, ¢ 0.500, and d 1.000 mM
(conditions: reaction time =

15 min; 3% Tarragon extract; T =
80 °C)

@ Springer

light pink color (Fig. 3a), and there are no visible triangle
nanoplates (Fig. 4a). The nAu synthesized with 0.275 mM
of chloroauric acid (Figs. 3b and 4b) possesses a similar shape
and size distribution; however, after the addition of a higher
precursor dose of 0.5 mM, spherical, hexagonal, and triangu-
lar shapes of nAu formed in the reactor. The sample with a
dark red color, typical for nAu, was observed for spherical
particles with a size of 10 to 50 nm (Fig. 3c). A higher
HAuCl, concentration of 1 mM gave the largest particle size,
with spherical (80—100 nm), triangular, and hexagonal (400—
550 nm) shapes (Fig. 4d). Due to presence of large nAu, the
sample also had dichromatic properties. The second SPR
band, which corresponds to the triangle nanoplates, was
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Fig. 5 SEM image of nAu synthesized from 3% of fresh Tarragon extract at pH of 3 (a), 4 (b), and 5 (¢)

detected in the NIR region (~ 1412 nm). Furthermore, it is
difficult to obtain peaks above a wavelength of 1300 nm due
to the truncation of the peaks by the absorbance of water in the
IR region (Millstone et al. 2005). In the experiments with even
higher precursor concentrations, i.e., 2.75 and 5 mM, the nAu
did not form with the given set-up and the color remained
yellow without resonance peaks (Fig. 3e, f), indicating that
the Au®* ions were not reduced to Au’.

Effect of pH

According to the literature (Polyakova et al. 2017), the initial
pH of HAuCl, reduction influences the size and shape of the
formed nAu. In this study, the pH influence was determined at
a HAuCl, concentration of 0.5 mM and reaction time of
15 min (Fig. S5) at 80 °C. When the initial pH during the
synthesis was low (from 2.8 to 4.0), then triangle nanoplates
were mainly created. The shape and size of the triangular
nanoparticles changed with a subsequent increase in the initial
pH value (Fig. Sa—). The sample with the initial pH value of
2.8 is described above (Figs. 3¢ and 4c). When the initial pH

value was subsequently increased to a value of 3, 4, and 5, the
triangular nAu successively dissipated. Moreover, it was
found that when the sample was further alkalinized to a pH
of' 5, no triangular nanoparticles were formed (Fig. 5c) and the
second SPR band disappeared (Fig. 6). Therefore, it can be
inferred that the pH value at the beginning of the reaction has a
large influence on the shape and size of the synthesized nAu.

Similar experiments were conducted at a HAuCl, concen-
tration of 1 mM and the same trend was observed (Figs. S6,
S7, and S8).

DLS was used to measure the size of the spherical nano-
particles synthesized by the Tarragon extract at a pH of 5. The
average nAu measured by DLS was around 42.5 nm (Fig. S9).

Zeta potential

The C-potential of nAu reduced by the Tarragon extract slight-
ly decreased with an increase in the initial pH value of the
synthesis (Fig. 7). The highest (-potential was recorded for
the spherical particles synthesized at pH 5.

Fig. 6 UV-Vis spectra of nAu
synthesized with different initial
pH values (conditions: 0.5 mM
HAuCly; 3% Tarragon extract;
15 min; 7=80 °C)

0.0

400

500 600 700 800 900 1000
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Fig. 7 Values of zeta potential of nAu synthesized from 3% of Tarragon
extract and 0.5-mM HAuCl, at different pH values. The error bars
represent standard deviation from three measurements

The C-potential of a colloidal solution can be an indicator
of its stability. The greater the absolute value of the ¢-poten-
tial, the higher the repulsion between the nanoparticles
(Vijayakumar, 2014). A value greater than approximately
30 mV is considered as being high enough for colloidal sta-
bility of NPs (Uskokovi¢ 2012; Chronopoulou et al. 2016;
Padil Vinod et al. 2017).

ATR-FTIR analysis

ATR-FTIR was used to determine the functional groups that
take part in the stabilization of nAu (Fig. 8).

Spectra of nAu, produced by a reduction of the HAuCly
precursor (0.5 mM) using 3% of Tarragon extract at a pH of
5.0, clearly showed a large number of peaks in the interval
from 3500 to 800 cm . The peaks represented typical func-
tional groups O-H, C=0, and C-O at 3400-2400, 1730-1700,
and 1320-1210 cm ™', respectively (Singh and Srivastava
2015). These peaks can be found in organic acids, such as
ascorbic acid, salicylic acid, caffeic acid, tannic acid, anisate,
chlorogenic acid, 2,5-dihydroxybenzoic acid, and also rutin,
which were found in this system by HPLC analysis. It can,
therefore, be inferred which chemical substances were partic-
ipating as reducing and stabilizing agents. Moreover, ATR-
FTIR analysis showed a broad peak around 1400-
1500 cm !, which attributes to the possible presence of N-H
groups.

Catalytic reduction of 4-NP

Au nanoparticles produced at different pH levels had different
shapes and sizes. The expected influence of these parameters
on catalytic activity was determined by the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) using sodium
borohydride (NaBHy; Fig. S10 and S11). While without the
addition of the nAu catalyst, there was no observed reduction
of 4-NP (Fig. S12); after nAu addition, the evolution of a new
peak ascribed to 4-AP (at around 310 nm) and a gradual de-
crease in the absorption peak for 4-NP (at 401 nm) were ob-
served (Fig. S13).

In this work, the reduction of 4-NP to 4-AP could be
assumed as a pseudo first-order reaction owing to the
presence of NaBH, in excess (Fig. 9). The pseudo-first-
order reaction rate constant for 42.5-nm spherical nAu

Fig. 8 Functional groups of nAu
(3% Tarragon extract, 0.5 mM of
HAuCly, and pH 5.0) measured
by ATR-FTIR
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Fig. 9 The pseudo-first-order re- 0.50
action rate constant (k) of 4-NP ]
reduction over nAu catalysts of
various sizes. The error bars rep- 0.45 +
resent standard deviation from 4
three measurements. (*spherical 0.40
particles synthesized at a pH of 5 A
with a size of 42.5 nm) g
__ 0354
-
£ 030+
x -
0.25 -
0.20
0.15

was 0.29 min . However, it was observed that with an
increase in the quantity and size of triangle nanoplates,
the k increased until the nAu triangles reached a size of
100-150 nm. Ma et al. (2017) reported that the faster
reduction kinetics on these NPs can be explained by the
different planes that these NPs possess. The catalytic ac-
tivity of metal nanoparticles is strongly dependent on their

I
200-400 nm 150-350 nm 100-150 nm 50-100 nm 60-90 nm  40-60 nm

T T T T T T T T T T T T 1
*42.5 nm

nAu triangles size

size, due to a much greater surface-to-volume ratio (Zeng
et al. 2010). As for larger particles (200400 nm; 150—
300 nm), the decrease in surface area may cause a de-
crease in the space for the reduction to proceed and there-
fore slower reaction rates. Table 2 shows a comparison of
4-NP reduction with the use of different shapes and sizes
of nAu catalysis.

Table 2  Comparison of 4-NP reduction with addition of various nAu from the literature and this work

Shape of particles Size of particles NaBH4/4-NP/Au k (min~") Ref.

(nm) (mole ratio)
Nanocages 50 1035/3.45/1 2.83 (Zeng et al. 2010)
Nanoboxes 50 1035/3.45/1 1.12 (Zeng et al. 2010)
Spherical 4 516/1.72/1 1.25 (Ma et al. 2017)
Spherical 16 516/1.72/1 0.36 (Ma et al. 2017)
Spherical 40 516/1.72/1 0.23 (Ma et al. 2017)
Stars 40 516/1.72/1 1.78 (Ma et al. 2017)
Stars 117 516/1.72/1 4.36 (Ma et al. 2017)
Templates 80 - 0.0025 (Hajfathalian et al. 2015)
Templates (reduced by a green laser) 100 - 0.04 (Hajfathalian et al. 2015)
Triangles 200400 504/1.12/1 0.24 N
Triangles 150-350 504/1.12/1 0.26 N
Triangles 100-150 504/1.12/1 0.44 N
Triangles 50-100 504/1.12/1 0.34 a
Triangles 60-90 504/1.12/1 0.34 a
Triangles 40-60 504/1.12/1 0.31 N
Spherical 425 504/1.12/1 0.29 a
*This work
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Conclusions

In this study, different conditions for nAu synthesis were applied
in order to obtain different sizes and shapes of nAu. It was found
that with the decrease of the Tarragon extract concentration from
5 to 3%, the size of triangular nanoparticles increased. The
Tarragon extract in the dose of 3% was selected for further
experiments with different pH values and different HAuCl, con-
centrations. While only spherical nAu were synthesized within a
precursor concentration range from 0.05 to 0.275 mM at higher
concentrations, spherical, hexagonal, and triangle shapes of NPs
were formed. Moreover, the size of the triangle nanoparticles
increased. Similarly, while at a low pH (<4) mainly spherical
and triangle shapes of different sizes were create; at a pH of 5
and higher, no triangular NPs were observed.

FTIR analysis revealed the presence of several functional
groups on the nAu surface. The FTIR and HPLC-MS analysis
confirmed that the reducing and stabilizing properties of
Tarragon are due to the presence of hydroxyl, carbonyl, and
amino groups originating from its organic acids.

Colloidal suspension of the produced nAu is pretty much
stable due to the high absolute value of (-potential. The value
decreased with increasing pH, but in the pH range of 2.8 to
5.0, the values are below —30 mV.

A comparison of nAu catalytic activity on the reduction
of 4-nitrophenol to 4-aminophenol by sodium borohydride
(NaBH,) showed that both triangle and spherical nanopar-
ticles were comparable. The & values indicated that the re-
action takes place 1.5 times faster on Au-triangles than on
Au-spherical NPs.
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