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Chapter

Ascorbic Acid-assisted Green
Synthesis of Silver Nanoparticles:
pH and Stability Study
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Alexis Debut and Luis Cumbal

Abstract

In this chapter, eco-friendly in situ synthesis of silver nanoparticles (AgNPs)
using a mixture of ascorbic acid and citric acid is introduced. The synthesis condi-
tions of the AgNPs were optimized by adjusting the pH of the reaction mixture.
Different spectroscopic and microscopic techniques have been used to characterize
the physico-chemical properties of AgNPs. The synthesis of AgNPs was primarily
identified by the appearance of yellow colour and confirmed by showing A,y =
409 nm in UV-visible spectroscopy. All characterization techniques reveal that the
generated AgNPs were non-aggregated, quasi-spherical shapes with an average size of
22.4 + 13.2 nm, and face-centred cubic crystalline structures. Infrared spectroscopy
confirms the surface of AgNPs covered with -COOH group and shows peaks at 1733,
1759, 3262 and 3633 cm™. Moreover, synthesized AgNPs at pH 10 were stable for one
month with a slight change in size. A straightforward, facile and environmentally-
friendly synthesis of highly stable AgNPs may contribute to future engineering
applications.

Keywords: green synthesis, silver nanoparticles, ascorbic acid, TEM, UV-Vis
spectroscopy

1. Introduction

Nanotechnology’s ability to design and manipulate matter at an atomic scale
has been encouraging over the last few decades. Being a source of novel products
that need to be beneficial for the environment, the metal nanoparticles (MNPs)
displayed an unusual characteristics that make them valuable. Metals like silver
include remarkable optical and chemical properties in which the synthesis of silver
nanoparticles (AgNPs) highly depends on controlling the size, shape, crystallinity,
composition and several features ruled by the unique effects of nanobiotechnology
[1, 2]. Silver is the most promising metal due to the bactericidal potential used since
ancient times and unique properties such as high thermal stability [3]. AgNPs have
diverse applications such as environmental protection, catalysis, food industries,
medicine and others [4].
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However, hazardous and environmentally unfriendly conditions are not
demanded to apply for the synthesis of nanomaterial. The protocols followed to
synthesize AgNPs should be feasible, cleaner, long-lasting, low-cost and safer. In
other words, the green synthesis of AgNPs does not require any physical, electrical or
modification processes [5]. In recent years, researchers have been interested to control
and improve engineering procedures of the desired nanoparticle features [6]. Some
experts have suggested that the AgNPs synthesis key relates to the selection of right
parameters that permit the control over the size and shape outcomes [7].

Numerous scientific articles in the field of AgNPs synthesis have been published,
and most of the traditional methods are based on the bottom-up category such as
chemical reduction, light assisted, sol-gel, electrochemical method, etc [8, 9].
Green synthesis of AgNPs using a variety of reducing—stabilizing agent includes
gallic acid-chitosan [10], cellulose [11], gelatin [12], starch [13], ascorbic acid [14],
quercetin [15], sodium citrate [16], ascorbic acid-gelatin [17], ascorbic acid-sodium
dodecyl sulphate [18], tannic acid-sodium citrate [19], plant extracts [20], etc have
been reported.

In this study, the bottom-up strategy was used to synthesize AgNPs using ascorbic
acid as a reductive agent and citric acid as a potent complex stabilizer, effectively. We
also looked at the effect of pH on stable AgNPs colloid formation and the particle size.
Furthermore, various spectroscopic and microscopic techniques were used to charac-
terize the physicochemical properties of AgNPs.

2. Experimental
2.1 Chemicals

Silver nitrate (AgNOs, 99%) was obtained from Sigma-Aldrich, Germany.
Ascorbic acid (CsHgOg, 99%, powder/USP/FCC) and sodium hydroxide (NaOH) were
purchased from Fisher Chemical, China. Trisodium citrate (Na;CsHsO, 99%) was
acquired from Loba Chemie, India.

2.2 Preparation of AgNPs

The formation of AgNPs from ascorbic acid and sodium citrate was monitored
by a colour change in the reaction médium [21]. The final adapted solution for
the preparation of the AgNPs was 20 mL of ascorbic acid (0.6 mM) and 20 mL of
sodium citrate (3 mM). Before preparation of AgNPs, the pH of these solutions was
adjusted to 9, 10 and 11 by the addition of 0.1 M NaOH in a separate flask. One flask
was stored as a control (pH = 6.7). Subsequently, 4 mL of 1 mM of AgNO; was added
to each flask under stirring conditions in the water bath at 60—65°C for two hours.
Each reaction mixture containing AgNPs was diluted seven times and analyzed in the
UV-visible spectrophotometer.

2.3 Characterization of AgNPs

Formation and stability of AgNPs were determined by a UV-visible spectropho-
tometer, SPECORD® S600 from Analytik Jena, Germany. The mean particle size and
stability were analyzed in a dynamic light scattering (DLS) instrument (HORIBA,
LB-550 Japan). The shape, size and selected area electron diffraction (SAED) pattern
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of AgNPs were captured from transmission electron microscopy, TEM (FEI Tecnai,
G2 Spirit Twin, Holland). X-ray diffraction (XRD) analyses were performed

with a PANalytical brand 0-20 configuration (generator-detector) x-ray tube, cop-
per A = 1.54059 A and EMPYREAN diffractometer. The Fourier transform infrared
spectroscopy (FTIR) measurements were performed on a Spectrum 100 IR spec-
trometer (Perkin Elmer, USA) using the attenuated total reflectance (ATR) tech-
nique to determine the possible involvement of functional groups in the synthesis
of nanoparticles.

3. Results and discussion
3.1 Visual and UV-vis spectroscopy studies

The initial synthesis of AgNPs was assessed through visual colour and UV-Vis
spectrometric analysis. After the addition of AgNO; to the alkaline reaction mixture,
the colour becomes yellowish within 5 mins, showing the reduction of Ag* to Ag° and
the formation of AgNPs [22]. Detection of UV-visible peak between 390 and 410 nm
implies the presence of small and spherically shaped AgNPs [23]. Mie [24] said that
only one surface plasmonic resonance (SPR) band produces spherical nanoparticles,
while two or more SPR bands cause shape variation. The colour arises in nanoparticles
due to SPR, a non-linear optical property related to the excitation of electrons and
collective oscillation of dipoles under the influence of electromagnetic field of light
[2]. Kumar et al., 2014 observed similar SPR result in UV-vis absorption spectroscopy
using Plukenetia volubilis leaf extracts [25].

The SPR band can provide useful information about the morphology and particle
distribution of the synthesized nanoparticles. In order to understand the effect
of pH in the synthesis of AgNPs, we performed the reaction at different pH levels
(Figure 1). The reaction mixture showed a sharp absorption band at pH 9, 10 and 11,
while no band was observed at pH 6.7. The SPR band observed for pH 10 was nar-
rower than others (pH = 9 and 11). It clearly showed a narrow size distribution of
AgNPs at pH 10 and was more selective [26]. The cause behind this observation was
that at pH>9, free H" of ascorbic acid and citric acid are consumed, and the amount
of free OH" increases. In Figure 2, the maximum absorption band (An.x) for AgNPs
at pH 10 was 409 nm and A, observed at pH 11 was 404 nm, respectively. Synthesis
of AgNPs at pH 10 provides a narrow absorption band and seems to be a uniform size
distribution. After 4 weeks, its absorption band increases slightly and shifted towards
shorter wavelengths (408 nm and 406 nm), which is a typical characteristic of smaller
nanoparticles. The redox potential of ascorbic acid depends on the pH, when the
pH increases, the redox potential decreases. Increased difference of redox potentials
between Ag* and the ascorbic acid/ reducing agent makes the reaction faster, and
smaller AgNP nuclei are created [14]. The reduction of Ag” ions is difficult due to
the complex formation with citrate and results in greater stability through the outer
surface coverage [27, 28].

To monitor the stability of the AgNPs prepared at pH 10, the SPR absorption
spectra of the AgNPs (stored at 23-25°C) were measured for 7, 14, 21 and 28 days
(Figure 3). At various incubation periods, a slight increase in the intensity of the
SPR peaks was observed. In addition, A,y for the SPR peaks of AgNPs have almost
remained constant. It clearly explained that the reaction mixture having a pH at 10
is most appropriate to reduce Ag” ions into AgNPs and stable over a month. These
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Figure 1.

UV-vis spectrum of AgNPs synthesized at different pH.

1.4 1 408 ——pH 10, After 1 week
1.2 - 409 pH 10, After 4 weeks
104 406 _ 404 = pH 11, After 1 weeks
5 ——pH 11, After 4 weeks
[ ] 0.8 -
)
= o e
§ 0.4 - E
_8 0.2 4
’6 0.0 -
e -0.2 1
O .04- - .
< 6 =
-0.8
-1.0 T T T T T
300 400 500 600 700 800 900
Wavelength (nm)
Figure 2.

UV-vis spectrum of AgNPs synthesized at pH 10 and 11 for different incubation times [Inset: visual image of
AgNPs synthesized at pH 10 and 11].
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Figure 3.
UV-vis spectrum of AgNPs synthesized at pH 10 and different incubation times.

findings were further confirmed by the DLS analysis. The reduction of Ag* ions by
ascorbic acid (C¢HgOg) was suggested as follows [28]:

C,H,O, +2Ag" —>2Ag’ +C,HO, +2H"

3.2 DLS and TEM analysis

DLS tests are performed to investigate the size distribution and stability of the
colloidal AgNPs in the aqueous médium. As shown in Figure 4, the mean size of
the AgNPs synthesized at a pH of 10 over 7 days is 22.4+13.2 nm and the observed
polydispersity index (PDI) is 0.3472. PDI > 0.1 confirms the polydispersed nature
of nanoparticles in the aqueous phase [2, 10]. These findings were summarized and
correlated by the UV-Vis and DLS analysis mentioned in Table 1. The DLS data of
reaction mixture at pH 10 (Apax = 409 nm) directly indicated that smaller particles
were formed with respect to other pH levels. Hence, pH 10 was preferred for the
synthesis of stable and smaller diameter particles. This result agrees with UV-vis and
TEM results.

In Figure 5a and b, TEM image clearly showed the presence of non-aggregated
and monodisperse AgNPs of an average size of 30 nm. Furthermore, the low magni-
fication TEM images confirm the uniform size and quasi-spherical shape of AgNPs.
Slight chage in mean size observed in TEM and DLS analysis may be due to the
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Figure 4.
DLS pattern of AgNPs synthesized at pH 10 for 1st week.
pHof Particles Particles Particles Particles UV-vis Apax
reaction diameter diameter diameter diameter (nm)
mixture (pto)nm (L+0)nm (Lt0)nm (Lto)nm
Time: 1st week Time: 2nd Time: 3rd Time: 4th
week week week
6.7 11772 + 54.3 125.7 £ 203.3 156.5 + 55.9 158.75 £ 60.3 No sharp peak
9 499 +59.9 45.34 + 39.2 59.9 +334 673+ 339 411
10 224 £13.2 231 +£133 252 +139 291 + 111 409
11 28.7+176 3227 £181 30.1 £16.5 32.3+14.3 404
Table 1.

Particle mean diameter and UV-vis values for different pHs and time intervals.

presence of some impurity in the sample or screening of small particles by bigger ones
in the DLS analysis [29]. The SAED pattern of ascorbic acid-induced AgNPs is illus-
trated in Figure 5c. The concentric ring-like diffraction pattern in the SAED pictures
clearly indicates that the particles are polycrystalline and spherically shaped [23, 25].

3.3 XRD and FTIR analysis

The crystal structure of the nanoparticles was confirmed with the help of the XRD
technique. The XRD profile of the AgNPs synthesized by ascorbic acid and sodium
citrate at pH 10 is presented in Figure 6. The presence of an intense peak at 38.0696°
corresponds to (111) planes and indicates the growth of AgNPs along the (100) direc-
tions, while another peak at 44.2506° indexed as (200) reflection plane of metallic
silver, respectively (ICSD no: 98-018-0878). The presence of an unindexed peak at 20
= 31.6858° in the XRD profile indicates the organic/ bioinorganic impurities [8, 10].
These observations confirmed the successful formation of the semicrystalline AgNPs
and also justify the outcomes of the SAED.

FTIR spectrum analysis is crucial to describe the processes that take place during
AgNPs synthesis. The characteristic bands observed at 1759 and 1733 cm™" correspond
to the C=0 stretching of citric acid, whereas the presence of C=0 stretching vibra-
tion at 1653 cm™! confirms the oxidized form of ascorbic acid [19]. The presence of
1559 and 1383 cm ™" is characteristic of C=0 asymmetric stretching in the -COO~ and
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Figure 6.
XRD pattern of AgNPs synthesized by a mixture of ascorbic acid and sodium citrate.

C-OH stretching peaks of citric acid. Both ~-O-H (multiple) and C-O-C stretch vibra-
tion is detected at 3885, 3810, 3633, 3262 cm ™' and 1049 cm ™! represented for ascorbic
acid and organic/citric acid (Figure 7) [23]. Furthermore, the bands at 1462 cm™?
correspond to C-H bending and CH, scissoring of the aliphatic group, while peaks
occurred at 915 cm™ for alkenes and 830 cm™" for -OH out of plane deformation/C-C
ring stretching. The FTIR results indicate that the citric acid is directly involved in the
stabilization and capping of AgNPs, whereas ascorbic acid reduces Ag* ions to Ag’.
The UV-vis, TEM and XRD data justify the FTIR analysis statement.

4. Conclusions

In conclusion, the combined use of ascorbic acid and sodium citrate was proposed
as a simple and non-toxic method for the green synthesis of AgNPs because it permits
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Figure 7.
FTIR pattern of AgNPs synthesized by ascorbic acid and sodium citrate.

the control of the nucleation, growth and stabilization of the synthesis process. It
shows Ap,.x = 409 nm at pH 10 and produces monodisperse, quasi-spherical shape
AgNPs with an average size of 30 nm under optimized conditions. Additionally,
AgNPs were stable for one month, the XRD result confirms that the crystallinity
of AgNPs is FCC in nature and FTIR suggested capping of AgNPs by -COO™ group
of sodium citrate. Therefore, the suggested environmentally-friendly synthesis of
AgNPs will contribute to the future engineering applications.
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