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Abstract

Silver nanoparticles of various sizes were prepared at room temperature using silver nitrate as a
precursor, various molar ratios of sodium citrate as a surfactant stabilizing material and sodium
borohydride as a reducing agent. The morphology, distribution and sphericity of the particles
were assessed in images from a transmission electron microscope (TEM). The sizes of the particles
were calculated as being 9, 11 and 14 nm. The effects of the particles’ sizes on the plasmon bands
were confirmed by ultraviolet-visible spectra measurements. The prepared samples were applied
in photo catalysis of 4-Nitrophenol (4-NP), and the rate constant was determined as 0.05 s-1,
0.0015 s and 0.00021 s-! for particles of 9 nm, 11 nm and 14 nm, respectively. Due to their high
surface energy, the smaller particle sizes were more active in the photo catalytic application.
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1. Introduction

A nanoparticle is the most fundamental component in the fabrication of a nanostructure. A nanoparticle is bigger
than an atom or a simple molecule that is governed by quantum mechanics [1]. Nanoparticle shaves unique
properties, especially optical, electronic and biological properties [2]-[5]. Due to their high surface-to-volume
ratio, nanoparticles can be used in heterogeneous catalysis [6] [7]. In addition, they are applied in many fields,
including photonics, micro-electronics, lithography and surface-enhanced Raman spectroscopy [8] [9]. As noble
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metal nanoparticles, silver nanoparticles show unique chemical and physical properties. They have excellent
conductivity, chemical stability and catalytic activity. These properties are directly dependent on their size, size
distribution and shape [10]-[12]. In addition, silver materials with one- and two-dimensional nanostructures, in-
cluding nanowires and nanocubes, are believed to have great potential applications [13]-[16]. Silver nanopar-
ticles (AgNPs) can be prepared using physical methods that include evaporation-condensation and laser ablation.
In particular, these two methods are used to prepare AgNPs in the form of thin films [17]. However, laser ablation
can be used to synthesize AgNPs in solution [18]. In addition, AgNPs can be prepared by chemical reduction, such
as microemulsion techniques [19], UV-initiated photo reduction [20], photo induced reduction [21], electro-
chemical synthetic methods [22], irradiation methods [23] and microwave-assisted synthesis [24]. In a biosyn-
thesis method, AgNPs have been synthesized using bacteria [25], fungi [26], algae [27] and plants [28] [29].

Although 4-nitrophenol (4-NP) is a class of pollutant, stable in the environment and resistant to biodegradation
[30] [31], it can be transformed to safety compound 4-aminophenol (4-AP) by using AgNPs due to their catalytic
properties. The aim of the present work is to synthesize various sizes of spherical AgNPs using trisodium citrate as
a surfactant material. The particle sizes and plasmon bands were assessed using Transmission Electron Micro-
scope (TEM) images and ultraviolet-visible (UV-VIS) spectra. The results clarified the effect of particle size on
the reduction conversion of 4-NP to 4-AP using sodium borohydride (NaBH,) as a model reaction.

2. Experimental
2.1. Chemicals

Silver nitrate (AgNO; > 99.99%) with a molecular weight of 169.87 g/mol, trisodium citrate (NazCsHgOg > 99%)
with a molecular weight of 258.06 g/mol and sodium borohydride (NaBH, > 99.99%) with a molecular weight
of 37.83 g/mol were purchased from Sigma-Aldrich (Steinheim, Germany). 4-NP was purchased from Sigma-
Aldrich (USA) and used as received without further purification. Distilled, deionized water was used throughout
the experiments.

2.2. Preparation of Colloidal AgNPs by the Chemical Method

Stock solutions of silver nitrate with a concentration of metal salt (AgNO3, 2.5 x 10 M) and trisodium citrate
dihydrate (HOC(COONa)(CH,COONa),-2H,0, 2.5 x 10™* M) were prepared in a conical flask and stored in the
dark to protect against light. Next, 0.1 M of ice-cold NaBH, was prepared as a stock solution. To prepare Sam-
ple 1 (S1), 5 mL of 2.5 x 10* M trisodium citrate dihydrate was mixed with 20 mL of 2.5 x 10™* M AgNOj; so-
lution under magnetic stirring for 10 min at room temperature before 0.6 mL of ice-cold NaBH, was added. The
colour of the mixture quickly changed to yellow, indicating the formation of AgNPs. Sample 2 (S2) and Sample
3 (S3) were prepared by the same method except that the molar ratio of trisodium citrate dehydrate was changed
by adding 20 and 40 mL of HOC(COONa)(CH,COONa),-2H,0 to 20 mL of AgNO; for S2 and S3, respective-

ly.

2.3. Characterization

The morphology and distribution of the AgNPs samples were analysed using TEM images. The TEM (JEOL-
JEM-1011; Japan) was operated at an accelerating voltage of 120 kV. The TEM samples were prepared by de-
positing one drop of colloidal AgNPs on a carbon-coated standard copper grid (300 mesh) and allowing it to dry
before making the TEM measurements. The UV-VIS absorption spectra of the AgNPs were measured at room
temperature on a spectrophotometer (Thermo-scientific Evolution 220) in a 1-cm optical path quartz cuvette
over a 350 - 700-nm wavelength at a resolution of 2 nm.

2.4. Photo-Catalytic Reduction of 4-NP Using NaBH, and Colloidal AgNPs

The photo-catalytic reduction of 4-NP was performed in a quartz cuvette 4 cm high and with a 1-cm optical path
length. An aqueous solution of 0.03 M of NaBH, and 2 mmol of 4-NP was prepared and stored at 4°C. The
photo-catalytic reduction was studied by mixing 200 uL (2 mmol) of 4-NP with 2 mL of deionized water in the
cuvette and then adding 1 mL of (0.03 M) NaBH, to the mixture. The UV-visible spectra were measured at var-
ious times. The distance between the light source and the cuvette containing the mixture was kept constant at all
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times during the measurements. The same constituents were carried out again in the cuvette and 300 pL of col-
loidal AgNPs were added. This was S1.Then, the UV-visible spectra were monitored at various time in situ us-
ing a UV-VIS spectrophotometer (Thermo-scientific Evolution 220). Samples S2 and S3 were used at the same
volume (300 pL) with fresh mixtures and the same concentrations of 4-NP and NaBH, The S2 and S3 spectra
were also measured at various times. To reduce thermal effects on the catalytic rate, the reaction temperature
was held constant at room temperature (20°C). The time until the reduction began and until it completed varied
depending upon the size of the AgNPs.

3. Results and Discussion
3.1. TEM Images of the AgNPs

Figure 1(a)-(c) show TEM images of the AgNPs prepared under varying concentrations of trisodium citrate.
The images show that all samples (S1, S2 and S3) are roughly spherical in shape and irregular in distribution.
Nevertheless, some aggregation was observed in S3. The diameter of the nanoparticles was determined using a
millimetre scale. The number of particles was counted within a bin of 5 mm [15]. As Figure 1(d)-(f) show, the
average particle sizes were estimated at 9 nm, 11 nm and 14 nm. These values indicate that the size of the par-
ticles increased with increasing trisodium citrate concentration. This may be because the higher concentration of
trisodium increased the pH value of the solution, thus increasing the aggregation and particle size of the Ag ions.

3.2. UV-VIS Spectra of AgNPs

Figure 2 shows the absorption spectra of the AgNPs in the wavelength range of 350 - 700 nm. A sharp peak is
seen at the wavelengths; 388 nm, 390 nm and 400 nm for samples S1, S2 and S3, respectively. Due to the quan-
tum size effect, the band shifted to higher wavelengths as the size of the nanoparticles increased. These bands
are assigned to the surface plasmon bands that correspond to the completely or roughly spherical shape of the
AgNPs. These bands express a collective oscillation frequency for the electrons in the conduction band. The
electrons correlated to these sizes of AgNPs are much smaller than the incident wavelength. In this case, the
electric field induced by light (E,) is constant and the electrons submit to the electromagnetic field and propa-
gate like a plasmon wave [32]. Considering that the atoms’ nuclei are still, the oscillation of the electrons leads
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Figure 1. TEM images of AgNPs prepared with various concentrations of silver nitrate and trisodium citrate: sample S1
(20:5), S2 (20:20) and S3 (20:40). The average particle sizes estimated from the images were 9, 11 and 14 nm for samples S1,

S2 and S3, respectively.
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Figure 2. The UV-VIS absorption spectra for the colloidal AgNPs synthe-
sized in various particle sizes: 9 nm (S1), 11 nm (S2) and 14 nm (S3).

to a periodic charge separation and generates oscillating dipoles whose magnitude reaches a maximum at the
nanoparticles surface (Figure 3). At resonance, the amplitude of the local electric field in the particle, E;, is en-
hanced compared to that of the applied field, E..

Figure 4 shows the UV-VIS spectra of the 4-NP (2 mmol) with and without NaBH,. One band appeared at
317 nm in the 4-NP spectrum. This band is characterized as the electronic transition n-n*, owing to the lone pair
of electrons (oxygen and nitrogen atoms) in the 4-NP structure. This peak shifted to a higher wavelength at 400
nm after the addition of 0.03 M of NaBH,. The solution colour transformed from light yellow to yellow-green.
This peak corresponds to the formation of 4-NP ions. This band decreased slightly with increased reduction time
and became stable after 45 min without change. This result is in agreement with the previous work by Seoudi et
al. [33] and Rashid et al. (2006) [34].

As shown in Figure 5, The catalytic activity of AgNPs of 9 nm (S1), 11 nm (S2) and 14 nm (S3) in diameter
was analysed by measuring the UV-VIS spectrum of 4-NP in the range of 200 - 600 nm at various times in the
presence of NaBHy,.It is clear that the reduction in the band that appeared at 400 nm for each sample increased
depending on the size of the nanoparticles. For S1, the band reduction was measured after 5 min. Usually, this
time is ascribed to the diffusion time needed for adsorption of 4-NP onto the surface of the AgNPs. In addition,
as mall, new band appeared at about 290 nm. The decrease in the intensity of the band at 400 nm may be due to
decreased 4-NP concentration, and the new band at 290 nm may be due to the formation of aminophenol (AP).
The appearance of the latter can be explained as follows: NaBH, reduces water to hydrogen as

NaBH, +2H,0 — NaBO, +4H,

The reduction reaction was implemented by the hydrogen, and it involved the production of hydrogen gas,
visible as bubbles. The decreased intensity of the peak at 400 nm was caused by the continuous consumption of
4-NP. The reaction mechanism was causative because the inherent hydrogen was adsorbed by AgNPs, which
transported the hydrogen between the NaBH, and the 4-NP. This behavior was expected because AgNPs adsorb
hydrogen from the NaBH, and efficiently release it through the reduction reaction; hence, AgNPs act as a hy-
drogen carrier in this reduction reaction. The same processes should have occurred during the reduction of 4-NP
in the presence of 300 puL of AgNPs in samples S2 and S3. In these samples, the absorption peak at 400 nm de-
creased with increasing time to complete reduction and a new, very low-intensity band (like a shoulder) ap-
peared at about 290 nm, indicating the formation of 4-AP but incomplete consumption of 4-NP. Furthermore,
the intensity of this absorption band at 290 nm was very low. These data indicate that the 4-NP did not com-
pletely transform into 4-AP in samples S2 and S3. Figure 6 shows the mechanisms and forms of the reduction
reactions for the transformation of 4-NP to 4-AP. The yellowcolourindicates4-NA, and colourless parts indicate

the generation of 4-AP.
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Figure 3. Oscillating dipoles induced by light radiation of the AgNPs.
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Figure 4. Measurements of the UV-VIS spectra of 4-NP over time with and without so-
dium borohydride.

Figure 7 shows the kinetic curves of the 4-NP reduction by AgNPs that are 9 nm (S1), 11 nm (S2) and 14 nm
(S3) in diameter in the presence of NaBH,. The rate constant of the reaction was calculated from the decrease in
intensity of the absorption peak at 400 nm overtime. A linear relation was observed between Ln(A/A,) and time.
As the concentration of sodium borohydride can be considered constant, the change in the ratio Ln(A/A,) with
time corresponds to a first-order reaction kinetics equation, and the reaction can be directly calculated from the
linear relation between Ln(A/A,) and time.

Ln(A/A,)=—k-t

where A, is the initial absorbance of the reaction system, A is the absorbance at time t and k is the rate constant
of the chemical reduction. From this kinetic curve, the rate constant (k, s *) was calculated at 0.05 s *, 0.0015 s
and 0.00021 s for the AgNPs of diameters 9 nm, 11 nm and 14 nm, respectively. By comparing these rate con-
stants of 4-NP in the presence of various sizes of AgNPs, it can be noted that S1, which contained 9-nm AgNPs,
has more catalytic activity because AgNPs with higher particle sizes have lower interaction with4-NP. The re-
duction of 4-NP by S1 and S2 can be related to the Langmuir-Hinshelwood model of heterogeneous catalyzed
reduction [35]. In this model, borohydride ions are adsorbed onto the surface of the nanoparticles, giving them
the electrons. At the same time, molecules of 4-NP that are adsorbed onto the surface of the AgNPs lose elec-
trons in the same proportion. After the reduction, the reaction product, 4-AP, is desorbed from the silver surface.

O,
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Figure 5. UV-VIS absorbance spectra for the reduction of 4-NP with NaBHj, in the pres-
ence of AgNPs with particle sizes of 9 nm (S1), 11 nm (S2) and 14 nm (S3).
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Figure 6. The mechanisms and forms of reduction reaction for 4-NP.

0.0

Time (min)
20 30 40 50 60 70 80 90 100
L L

-0.54

-1.04

-1.54

Ln(A/A)

-2.0

-2.54

-3.04

@

Time (min)
20 30 40 50 60 70 80 90 100
L L

-0.02

-0.04 4

-0.06

Ln(A/A)

-0.08

-0.10

-0.12

K =10.0015s"!

0.000

(b)
Time (min)
20 3|0 49 59 60 70

-0.002
-0.004
-0.006

-0.008

Ln(A/A)

-0.0104
-0.0124

-0.0144

-0.016

K =0.00021 s*

©

AgNP

Figure 7. The kinetic curve of 4-NP reduction by AgNPs of (a) 9 nm, (b) 11 nm and (c) 14 nm in diameter in

the presence of NaBH,.



F. A. Al-Marhaby, R. Seoudi

4. Conclusion

AgNPs were synthesized in various sizes. The UV-VIS results show that the positions of the surface plasmon-
resonance bands depend on the size of the AgNP particles. In the prepared samples, AgNPs as a catalyst redac-
tor transform the reduction of 4-NP to 4-AP. The smallest nanoparticles had the highest catalytic activity, and
the rate constant of chemical reduction decreased with increasing size of the AgNP particles.
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