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CHAPTER 1
INTRODUCTION

The silver nanoparticles have been proved for their effective antibacterial
activity. They have been integrated into many consumer products for the antibacterial
applications, such as fabrics, food packaging, cleaning cloth, and cosmetics [1-6].
Many industries incorporated antibacterial properties into their products to increase
the value of goods for the competitive advantage in the market. Nowadays,
commercially available silver nanoparticles are very expensive and lab-scaled
synthesized of silver nanoparticles is not sufficient for the industrial demand.
Continuous process, large scale production and high concentration of silver
nanoparticles are necessary for industrial applications. Thailand has not yet developed
manufacturing techniques for the synthesis of highly concentrated colloidal silver
nanoparticles for industrial applications.

Several studies have indicated that a conventional batch chemical reduction
method could synthesize silver nanoparticles at the laboratory scale (100 — 2,000 mL)
from batch reactor. The limitations of conventional processes are the requirement of
high temperature and high pressure, the large particles with broad size distribution,
high cost of production, and complicated process [7-13, 30]. At present, there is no
tubular flow reactor for the continuous producing silver nanoparticles. To solve these
problems, the present study is designed to develop the continuous flow reactor
producing large-scale silver nanoparticles in high concentration via water — based
system at room temperature.

The purpose of this research is to develop and to construct reactor for
continuous producing large amount of controllable size, highly concentrated and
highly stabilized silver nanoparticles. The process for continuous synthesis of high
concentration silver nanoparticles was performed by a chemical reduction of silver
salt solution mixing with the solution of reducing agent and produced silver
nanoparticles at 20 to 40 liters per hour (20 - 40 L/hr). The synthesis of highly
concentrated silver nanoparticles (i.e, greater than 10,000 ppm) was very stable (more

than 6 months). The processes of highly concentrated silver nanoparticles were



performed at room temperature, atmospheric pressure. There were no by-

products/chemical wastes.

1.1 Objectives of the Research

To develop a process for the synthesis of silver nanoparticles with
easily scale-up to mass scale production at high concentration.

To produce high concentration silver nanoparticles colloids (10,000 —
100,000 ppm) in large amount (20 - 40 L/time) by chemical
reduction method.

To design and to make the prototype of reactor for producing high
concentration of silver nanoparticles for industrial applications.

To increase the value-added new products employing

nanotechnology.

1.2 Scope of the Research

Synthesize silver nanoparticles with high concentration (i.e, greater
than 10,000 ppm) and large amount (20 - 40 L/hr) of high stability
with small size and narrow size distribution using chemical reduction
method.

Develop the technique of silver nanoparticles synthesis with high
concentration by optimizing conditions of reducing agent and
stabilizer.

Design and fabricate reactor for producing high concentration of

silver nanoparticles.

1.3 Benefits of the Research

1.

Reduce imported nanomaterials.

2. Provide high quality at low price nanomaterials for industrial

application.



Provide high quality nanometerials for novel industrial application.
Improve competitive advantage of Thai products through
nanotechnology.

Reduce the price of nano-enable products through the utilization of

homemade nanomaterials.



CHAPTERII
THEORETICAL BACKGROUND

2.1 Silver nanoparticles and synthesis of silver nanoparticles

Lyophobic colloids of noble metal nanoparticles such as silver nanoparticles
have been used in many applications (scientific research and industrial application):
optical sensors [14-15, 22], antibacterial agents [1-6], and conductive materials [16],
due to the large surface area to volume ratio and size-dependent properties. The size
effect of silver nanoparticles create a phenomenon based on the number of atom or
molecules at the surface of nanoparticles and takes place in the range of 1-100 nm that
produces the qualitative changing in physical, optical, and thermal properties.

The synthesis of silver nanoparticles method can be divided into 2 main
methods: chemical reduction and physical reduction. The chemical reduction method
(Bottom up approaches) is the most general method using silver salt solution mixed
with the reducing solution agent. The nanoparticles started from small structures as
atom/molecules grow to larger particles [17]. The physical reduction method (Top
down approaches) started from large structure as macroscopic material and break
down to small structures [12, 17].

Chemical reduction method involved the reduction of metal salt by various
reducing agents such as borohydride, citrate, ethylene glycol and aldehyde or by the
active species which generate by radiation with the stabilizer. The chemical reduction
process, a multifactor process, depends on the difference between the redox potentials
of the metal salt and the reducing agent, concentration of its components, temperature,
and pH of medium.

The behavior of metal particles is determined by the potential difference as
follows [17]:

AE =E - Eredox (2.1)

where E is the redox potential of the particles and E;eqox 1S the solution

potential. The particles grow when AE > 0 and dissolve when AE < 0. The chemical



reduction depends on the difference between the redox potentials of the metal salt and
reducing agent.
The reduction of silver nitrate (AgNO3) by sodium borohydride (NaBH,4) can

be written as [17]:

Reduction: 2Ag +2¢ —> 2A¢" :E'=+0.79V (2.2)
Oxidation: 2BH4 + 6H,O — 2H3B0O5 + 7H, +2¢ (23)
Redox reaction:

2AgNO3 + 2NaBH4 + 6H20 _>2Ag + 2NaNO3 + 2H3BO3 + 7H2 (24)

The chemical reduction method involved the reaction of metal salt with
sodium borohydride as reducing agent. The growth of silver nanoparticles depicted in
the following step as shown in Figure 2.1 [17-23]. Firstly, upon the reduction of silver
ions, the seed was formed. The reaction called the nucleation of seed. And next, the
nucleation can proceed in two pathways. If the seed combined with the other seed via
the collision, the silver nanoparticles was formed with stable particles. If the seed
combined with silver ion species, the autocatalytic pathways on the surface occurred.

The silver nanoparticles grow into larger particles.

&
OO —>
AT T QR

Ag* + e » O Collision of metal atom

Seed

Nucleation Stable

Ag*
S A Ag O 7 particles
A
o 0
Ag*

Autocatalytic pathway

Figure 2.1 The proposed mechanism for stepwise formation of nanoparticles.



Physical reduction method, there are many methods for preparation of metal
nanoparticles such as radiolytic reduction [12] and the burning droplets (spray
pyrolysis) [24, 28]. The synthesized particle will be small particles and having the
narrow particle size distribution. The radiolytic method is very dangerous because the
use of gamma radiation at high intensity. The method is also high cost. However, the

synthesized particle is of high purity with a narrow size distribution.

2.2 Colloids

Colloid is a small particles which dispered in another phase. One of the
components of a colloidal system will have dimension in the range of 1-1,000 nm.
The terms used in describing colloidal systems can be classified into 3 groups:
Lyophilic colloid, Lyophobic colloid and Amphiphilic colloid (Association colloid)
[25]. Lyophobic and Lyophilic are used to describe the tendency of a surface or
functional group that becomes wetting or solvating. For example, if the liquid medium
is aqueous, lyophobic is hating liquid or hydrophobic while lyophilic is loving liquid
or hydrophilic [25].

2.2.1 Lyophobic colloid

Lyophobic colloids are thermodymamically unstable and the particles will
suddenly aggregate and settle [18, 25] . The formation of such colloid involves either
degradation of bulk matter or aggregation of small molecules or ions. A higher
degree of dispersion is oftenly obtainable by an aggregation method. The latter
involves the formation of a molecular dispersion, supersaturated solution from which
the dispersed phase precipitates in a suitably divided form. The formation of a new
phase during precipitation involves two stages as nucleation and growth [18, 23, 25].
The relative rates of nucleation and growth determined particle size. A higher degree
of dispersion is obtained when the nucleation rate is high and the rate of particles
growth is low. Growth inhibitors can be exploited not only to obtain smaller particles,

but also by acting selectively on the various crystal faces, to modify particles shape. If



the precipitated solid has a modest solubility, the dispersion will age, with the less
soluble larger particles growing at the expense of the more soluble smaller ones.

The most important physical property of a colloidal dispersion has the
tendency to aggregating particles by coagulation process. The coagutation or strong
aggregation are flocculation to weak, easily reversed and tend to aggregate. To
prevent the aggregation of particles, the peptization is need. Peptization is a process in
which redispersion is achieved, with little or no agitation, by changing the

composition of the dispersion medium.

2.2.2 Lyophilic colloid

Lyophilic is the solutions of macromolecules such as gelatin or starch in water
[18, 25-27]. Their solubilities depend on the magnitude of their affinity for the solvent
compared with their affinity for themselves. Macromolecules with a high solvent
affinity will take on a fairly open configuration and have a high solubility, whereas
those with more affinity for themselves than for the solvent will tend to coil up on
themselves and show more limited solubility [25]. This balance of affinities will
depend on factors such as pH, salt concentration, and temperature. Because of their
great length and random coiling, dissolved macromolecules tend to immobilize
relatively large amounts of solvent and their solutions are generally more viscous than
ordinary solution. If all solvent becomes mechanically trapped and immobilized
within the macromolecular network, the system as a whole takes on a solid

appearance and is called a gel.

2.2.3 Amphiphilic colloid

Amphiphilic colloid is micelles or surfactant [18, 25, 29]. These molecules
consist of a polar head group which is hydrophobic hydrocarbon region attached to a
hydrophilic. Therefore, part of this molecule favores solubility in water while the
other part favors insolubility in water. The satisfication of both of these tendencies are
for the molecule to adsorb at an aqueous interface oriented so that the hydrophilic

head group is completely soluble in the water phase and the hydrocarbon part is out of



the water phase. The critical micelle concentration is above a certain concentration
and another mechanism operates by which the same end is achieved.

Aggregated micelles, are formed in the bulk water phase oriented so that the
hydrocarbon parts are in the center, away from water, and the polar head groups are
on the outside, in contact with water. Micellization is a thermodynamically reversible

Process.

23 Colloid stability

The concept of colloid stability depends on the dispersion to prevent
coagulation of particles [17, 23, 25]. A force barrier against collosoins between the
particles and possible coagulation subsequently and thermodynamic stability are the
kinetic stability, coagulated states correspond to an increasing in free energy and,
therefore, are thermodynamically unfavorable. According to thermodynamics, the
spontaneous process occurs in the direction of decresing Gibbs free energy, therefore
we may conclude that the separation of a two-phase dispersed system have been
occurred. The distinct layers is a change in the direction of decreasing Gibbs free
energy. There is more surface energy in a two-phase system when dispersed in a
highly subdivided state than when it is in a coarser state of subdivision. This suggests
a correlation between the inherent instability of a high dispersed lyophobic system
and the thermodynamics of the surface. For the present, it is important to note that
lyophobic systems dislike their suroundings enough to separate out. On the other
hand, Lyophilic systems are perfectly soluble in a solution. The two categories
differradically in their definitions of stability. We elaborate these individually in the
following subsections.

The lyophobic stability depends on the balance between van der Waals (vdW)
attraction and electric double layer repulsion between the particles, and the effects of
surfactant or of polymeric additive [25, 30]. The vdW forces are best known as the
attractive forces between molecules that cause gases to liquefy. The vdW energy
between two atoms is both very weak and very short-range, varying inversely as the
sixth power of the distance between the atoms. When the attractions between all atom

pairs in two colloidal particles are summed, not only is the total interaction greatly



increased, but it is also much more long-range, varying inversely with somewhere
between the first and second power of the distance between the particles. The electric
double layer repulsion are known as the colloidal particles dispersed in a polar liquid
such as water usually acquired a net electric charge at their surfaces. lons in the
dispersion medium of charge opposite to that of the particles are attracted toward the
particles surface and ions of like charge repelled from the particles surface. This
effect, together with the mixing tendency of thermal motion, leads to the formation of
electric double layer made up of the charged particle surface and an excess of counter-
ions over co-ions distributed in a diffuse manner in the dispersion medium.

The total interaction energy is the sum of the van der Waals attraction and
electric double layer repulsion. Two extremely situations can be recognized. At low
electrolyte concentrations, the electric double layer repulsion is long—range and an
energy barrier to coagulation results (rather like the activation energy barrier to a
chemical reaction). The rate of coagulation will be slowed correspondingly, and may
be so slow that the colloid can be regarded as stable in the practical sense [25, 30]. At
high electrolyte concentrations, the electric double layer repulsion is short-range
and is exceeded by van der Waals atraction at all interparticle distances which has no
energy barrier and coagulation is rapid [23, 25, 30]. The addition of electroyte
effected to transition between these extremes. The extra elecgtrolyte required to
lower the potential energy barrier—so that the coagulation time is reduced, say, from
months to minutes—is relatively small. A critical coagulation concentration can be
measured, and depends most of all on the valency of the counter-ions.

Surfactants which are powerful stabilizing agents, usually adsorb strongly on
particle surfaces and make them more lyophilic. These adsorbed ionic surfacetant

often leads to enhance electrostatic stabilization.

2.4 Stabilizers

The stabilizers such as a substrate, often a donor ligands, polymers, and
surfactants are used for stabilizing the silver nanoparticles in solution. In the absence
of the stabilizer, silver nanoparticles can produce the formation of larger nanoparticles

by van der Waals attraction force and Brownian motion [23, 25, 30].
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Figure 2.2 Schematic illustrations of aggregation, steric stabilization and

electrostatic stabilization.

The formation of larger particles canbe aggregated and precipitated as a
metal. Therefore, the protection process can be described by 2 categories. Firstly,
stabilizing by the steric effect and the stabilizer can stabilize silver nanoparticles.
Secondly, the protection by the electrostatic repulsion, the stabilizer can prevent the

aggregation of silver nanoparticles [25, 27, 30].

The stability of lyophobic colloid such as silver nanoparticles can often be
enhanced by the addition of macromolecular material [23, 25]. The additional
material can adsorbs on the particles surface. This adsorbed material is a protective or
stabilizing agent. The best protective agents are block copolymer, which have a
lyophobic part that attaches the macromolecule strongly to the particles surface, and a
lyophilic chain, which trails freely in the dispersion medium. The adsorbed
macromolecule may influence stability by virtue of its effect on van der Waals and

electric double layer interactions, but its most important role is likely to involve a
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number of effects collectively termed steric stabilization. Basically, the conditions for
dispersion stabilily will roughly be the same as the conditions for solubility of those
parts of the stabilizing macromolecules that trail freely in the dispersion medium. If
the particle aggregation take places, it will be weak and easily reversed (flocculation),
owing to the macromolecular material that still separates the particles. The balance
between stability and flocculation is often a fine one that can be changed by raising or

lowering the temperature.
For example, macromolecular materials are as follows:
Gelatin: weakly stabilized lyophobic colloid due to a weak binding between

amino acids with silver nanoparticles. These weakly bound functional groups can

easily be exchanged with donor ligands [26].

~
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Figure 2.3  Structure of gelatin.

Methyl cellulose: the protective aggregation of lyophobic colloid comes from

steric effect of long chain, slight branching like linear polymer [31].
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Figure 2.4  Structure of methyl cellulose.

Soluble starch: The steric effect and hydroxyl group of amylose component

stabilized lyophobic colloid in unique and small size.
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Figure 2.5 Structure of starch.

Colloidal dispersions are made more sensitive to aggregation by addition small
quantities of macromolecular material or surfactant that would act as stabilizing
agents if we used in larger amounts. The neutralizer surface charge of colloid particle

is by addition of additive (for example, an ionic surfactant) which is the opposite
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charge with colloid particle. This addition also increases steric effect on the surface of
colloid.

Low concentration of macromolecules may bring about a rather loose
flocculation by mean of a bridging mechanism in which the molecules are adsorbed
with part of their length on two or more particles.

Particle aggregation has important consequences for the sedimentation and
flow of dispersions. If sedimenting particles stick to one another, the final sediment
volume will be high. Particle aggregation results in increasing viscosity and possible

gelling.
2.5  Characterization of the synthesized silver nanoparticles

The localized surface plasmon resonance spectroscopy of silver nanoparticles
was thoroughly exploited for the synthesis system development. When the incident
photon frequency resonates with the collective oscillation of the conduction electron
in the metal nanoparticles is frequency known as a Localized Surface Plasmon
Resonance (LSPR) [14-17]. When the environment of metal nanoparticles was
changed, LSPR shifts were observed. Electromagnetic field enhancement near the
surface of nanoparticles is associated with extinction efficiency of nanoparticles,

responsible for the intense signals.

/1| 1F S

e cloud

E-field

Extinction = Absorption + Scattering

Figure 2.6  Localized Surface Plasmon Resonance (LSPR) phenomenon.
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The particles shape, dimension, and particle size distribution are associated
with the measured extinction spectra [14]. Therefore, we can obtain the direct particle
information from the simple measurement, instead of the complex sample preparation

and time — consument TEM measurement for numerous sample measurements.
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Figure 2.7 The extinction spectrum of silver nanoparticles.

The maximum and the full width at half height (FWHH) of plasmon band in
UV-Visible were employed for characterizing silver nanoparticles. The specific
optical properties of nanoparticles are casused by the collective oscillation of the
electrons around the particles [14-15]. Results from extinction measurements were
rapidly analyzed without complex sample preparation. According to the prior
research, the narrow peak suggested the narrow particle size distribution. The shift of
the peak to longer wavelength means the larger particle size. The symmetrical shape

of plasmon band suggested the shape of particles was sphere [14, 31].
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2.6 Tubular flow reactor

The influences of the flow patterns such as flow velocity, viscosity of the fluid
and diameter of the tube, determined with Reynolds numbers, Re, were calculated

using the following equation [9, 33]:

Re=—— (2.5)

where p is the density of the fluid (kg/mS), D is the inert diameter of the tube
(m), v is the linear flow velocity (m/s), v is kinematic viscosity of the fluid (m?/s), and
u is dynamic viscosity of the fluid (N.s/m?). This classifies the fluid flow patterns in 3
types that is the laminar flow pattern (Re is less than 2,000), transition flow pattern
(Re is more than 2,000 and less than 4,000), and turbulent flow pattern (Re is more
than 4,000).

— —> — !
=== O
—_— > —
[ | [ |
Laminar Turbulent

Figure 2.8 Illustration of the flow patterns of the fluid in a tube.



CHAPTER III
EXPERIMENTAL

3.1 Materials and Instruments
3.1.1 Materials
Silver metal (99.99%) was purchased from jewelry store. Silver nitrate,
sodium borohydride, nitric acid and soluble starch were purchased from Merck®.
Methyl cellulose and gelatin were purchased from Fluka®. Silver nitrate was achieved
from our homemade.
3.1.2 Instruments
3.1.2.1 Ocean Optics Portable UV-Visible spectrometer equipped
with a Deuterium-Halogen light source DH 2000 and USB
2.0 Fiber Optic spectrometer USB4000-UV-VIS detector.
3.1.2.2 EOL JEM-2010 analytical transmission electron microscope
operated between 80 and 200kV at a point resolution of 0.23
nm, with a LaBg electron gun.

3.1.2.3 Novel reactor (homemade)

3.2 Novel reactor for preparation of highly concentrated colloid of silver

nanoparticles
3.2.1 The Design, develop and invent reactor for the continuous system

The concepts; the design; develop and invent reactor for synthesis process can

be divided to 3 categories: Firstly, the reactor is high efficient mixing because, the
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reduction between silver nitrate with sodium borohydride is the spontaneous reaction;
the efficient mixing effected the local concentration and concentration distribution of
solution. This reaction is perfect homogenous concentration distribution of solution
and perfect homogenous phase, the forming particles was uniform with narrow size
distribution. Secondly, the reaction was no active silver ions in media solution; when
the silver ions were reduced to silver nanoparticles, some active silver ions in media
solution were reduced on the surface of silver nanoparticles and aggregation to form
large particles by autocatalytic pathway. The formations of silver nanoparticles were
non-uniform with a broad size distribution. Finally, the process was continuous

production for the large amount of product.

3.2.1.1 Batch reactor

The batch reactor for the synthesis of large amount of high
concentration silver nanoparticles is designed based on the mixing of silver salt
solution with the solution of reducing agent has to mix with homogeneous and
vigorous mixture in batch reactor under a vigorous stirring from mechanical stirrer
was shown in Figure 3.1. The solution of silver nitrate was added to the sodium
borohydride solution under a vigorous stirring. A dark cloud appeared and turned to
yellowish brown within a few seconds. When all reactants were completely added, the

solution turned dark brown.

Mechanical stirrer

ﬁ Agitator

——— Batch reactor

Figure 3.1 The batch reactor for the synthesis of high concentration silver

nanoparticles
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3.2.1.2 Jet Semi-Continuous Flow Reactor

This novel jet semi-continuous flow reactor for synthesizing silver
nanoparticles is designed based on the mixing of silver salt solution with the solution
of reducing agent has to mix with homogeneous and vigorous mixture in tubular
reactor by air jet from air compressor, the time of the synthesized silver nanoparticles
in the reactor could be very short, and the products rapidly flow out from reactor to
storage as shown in Figure 3.2. To begin the operation, silver nitrate solution and
sodium borohydride solution were filled into the container of silver salt solution and
container of reducing agent. Then, these solutions were loaded into the reservoir of
silver salt solution and the reservoir of reducing agent solution by gravitation. Next,
the synthesized high concentration silver nanoparticles using the silver nitrate solution
and the sodium borohydride solution in reservoirs were mixed within mixing chamber
by air jet from air compressor and the product rapidly flow out from reactor to
storage. A dark yellow solution appeared within a few seconds and the solution turned

dark brown.

Container of silver nitrate solution/
v sodium borohydride solution

/— Loaded tube into reservoir
I SE— Flow out tube into storage

Mixing chamber

o Loaded tube into mixing chamber

Reservoir of silver nitrate solution/

o« sodium borohydride solution

«——— Air compressor tube

Figure 3.2 Jet semi-continuous flow reactor for the synthesis of high concentration

silver nanoparticles.
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3.2.1.3 Tubular flow reactor (The pulse flow processes)

The apparatus for novel tubular flow reactor (the pulse flow processes)
for synthesizing silver nanoparticles is invented based on the mixing of silver salt
solution with the solution of reducing agent has to mix with homogeneous and
vigorous mixture in tubular reactor by the compressed pressure from connecting rod
of cylinder, the time of synthesized silver nanoparticles in the reactor could be very
short, and the products rapidly flow out from reactor to storage as shown in Figure
3.3. At the beginning of this operation, silver nitrate solution and sodium borohydride
solution were filled into the container of silver salt solution and container of reducing
agent. Then, these solutions were sucked from containers into the syringe of silver salt
solution and the syringe of reducing agent solution by the compressed pressure from
connecting rod of cylinder. Next, the synthesized high concentration silver
nanoparticles using the silver nitrate solution and the sodium borohydride solution in
syringes were mixed within mixing chamber by the compressed pressure from
connecting rod of cylinder and the product rapidly flow out from reactor to storage. A
dark yellow solution appeared within a few seconds and the solution turned dark
brown. The pulse flow processes were repeated the synthesis of high concentration

silver nanoparticles.

Loaded tube into \ S Mixing chamber

mixing chamber Flow out tube

Loaded tube into into storage

syringe
Air compresser —, Syringe
Electronic Piston rod
control box \ '
Container of I Rod of cylinder

silver nitrate e——— Solenoid valve
solut!on/ e— Air compressor
sodium
- tube
borohydride S
solution ° torage

Figure 3.3 Tubular flow reactor (the pulse flow processes) for the synthesis of high

concentration silver nanoparticles.
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3.2.1.4 Tubular flow reactor (The continuous flow processes)

The novel tubular flow reactor (the continuous flow processes) for
synthesizing silver nanoparticles is developed based on the mixing of silver salt
solution with the solution of reducing agent has to mix with homogeneous and
vigorous mixture in tubular reactor by pumping from diaphragm pump, the time of
synthesized silver nanoparticles in the reactor could be very short, and the products
rapidly flow out from reactor to storage as shown in Figure 3.4. In this work, silver
nitrate solution and sodium borohydride solution were filled into the container of
silver salt solution and container of reducing agent. Then, the synthesized high
concentration silver nanoparticles by using the silver nitrate solution and the sodium
borohydride solution in container were sucked and mixed within mixing chamber by
pumping from diaphragm pump and the product rapidly flow out from reactor to
storage. A dark yellow solution appeared within a few seconds and the solution turned
dark brown. The flow processes was continuous the synthesis of high concentration

silver nanoparticles.

Diaphragm pump N Loaded tube into
Loaded tube into / mixing chamber
diaphragm pump o Mixing chamber
Container of ——— Flow out tube
silver nitrate into storage
solution

Container of —\ e— Storage

sodium

borohydride

solution

Figure 3.4 The tubular flow reactor for continuous synthesis of high concentration

silver nanoparticles.
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3.3 Synthesis of our homemade silver nitrate

A mixture of silver metal (99.99%, 100 g) and conc. nitric acid (200 mL) were
heated until boiling at 100 — 120 °C for 2 hours and cool down at room temperature to
give a white insoluble mass in nitric acid. The nitric acid was removed and the residue
was filtered and crystallized from acetone. The crystal of silver nitrate was dried at 40

— 50 °C. The white solid (141.73 g, 90 % yield) with m.p. 212 — 213 °C was obtained.

Table 3.1  Comparison of silver nitrate properties and cost with our homemade and

commercially available analytical grade.

Silver nitrate

Properties
Our homemade Commercial product
Appearance white solid white solid
Melting point 212-213 °C 212 °C
pH 4-6 5-6
Cost ( Baht/ 100 g) 1,338.7" 3,750

Estimated cost of our homemade silver nitrate summarized in Table A 1

Merck®, AD 2009

3.4  Factors affecting the synthesis of high concentration silver nanoparticles

The highly concentrated silver nanoparticles (5,000 ppm) were synthesized by
mixing silver salt solution with the solution of reducing agent for both batch reactors
(Figure 3.1). An aqueous solution of 46 mM silver nitrate was prepared in 0.5 — 4.0%
(w/v) stabilizer such as gelatin, methyl cellulose, and soluble starch. An aqueous
solution of 23 - 70 mM sodium borohydride in the soluble starch solution was
sequentially prepared. For the synthesis of silver nanoparticles by the batch reactor,
the silver solution was added to the sodium borohydride solution under a vigorous
stirring. A dark cloud appeared and turned to yellowish brown within a few seconds.

When all reactants were completely added, the solution turned dark brown.
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3.4.1 Influence of reducing agent

The various reducing agents (glucose and sodiumborohydride) were employed
for silver nanoparticles synthesis. For the synthesis of silver nanoparticles using
sodium borohydride as reducing agent, an aqueous solution of 4.6 mM silver nitrate
was added to 4.6 mM of the sodium borohydride solution under a vigorous stirring. A
dark cloud appeared and turned to yellowish brown within a few seconds. When all
reactants were completely added, the solution turned dark brown. The synthesis of
silver nanoparticles using glucose as reducing agent (excess), in the case of the
reaction was heated up to the reaction temperature (about 90 °C) and maintained for 5
minutes. Then, the synthesis condition was similar to that reported using sodium
borohydride as reducing agent. The brown color was from upon stirring mixture for 1

minute.

3.4.2 Influence of stabilizer

The stabilizers were varied form gelatin, methyl cellulose, and starch for
synthesis of silver nanoparticles. An aqueous solution of 46 mM silver nitrate was
prepared in gelatin solution. An aqueous solution of 46 mM sodium borohydride in
the gelatin solution was sequentially prepared. For the synthesis of silver
nanoparticles by the batch reactor, the silver solution was added to the sodium
borohydride solution under a vigorous stirring. A dark cloud appeared and turned to
yellowish brown within a few seconds. When all reactants were completely added, the
solution turned dark brown. The conditions of silver nanoparticles synthesis by using

methyl cellulose and starch were the same as that of using gelatin as stabilizer.

3.4.3 Influence of order of addition of reactant solution

To study the influence of order of addition of reactant solution on the
synthesis of high concentration silver nanoparticles, the procedures are as follows: the
stabilizer as soluble starch is prepared for synthesis of silver nanoparticles and the

other experiments are synthesized the same as that of Section 3.4.2.
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3.4.4 Influence of the concentration of reducing agent and stabilizer

The various concentrations of sodium borohydride (23, 35, 46 and 70 mM),
and various concentrations of soluble starch (0.5, 2.0 and 4.0 %) were employed for
synthesis of silver nanoparticles. The other synthesis condition was using the same as

that of Section 3.4.2.

3.5 The factors affecting the production of large amount and high

concentration silver nanoparticles

3.5.1 Comparison of synthesized silver nanoparticles from batch reactor

with the reactor volume of 1 liter and 40 liters

To study the effect of reactor volume on the synthesized silver nanoparticles
by batch reactor were varied from 1 liter and 40 liters, the synthesis condition of silver
nanoparticles from the reactor volume of 1 liter using an aqueous solution of 46 mM
silver nitrate (our synthesis) was prepared in 2.0% soluble starch, and an aqueous
solution of 35 mM sodium borohydride in 2.0% the soluble starch solution was
sequentially prepared. For the synthesis of silver nanoparticles by the batch reactor,
the silver solution was added to the sodium borohydride solution under a vigorous
stirring. A dark cloud appeared and turned to yellowish brown within a few seconds.
When all reactants were completely added, the solution turned dark brown. The
synthesis of silver nanoparticles from 40 liters batch reactor the using the novel batch
reactor is shown in Figure 3.1. The reaction condition was as the same as synthesized

silver nanoparticles from the reactor volume of 1 liter.

3.5.2 Synthesis of large amount and high concentration silver

nanoparticles by novel reactor

3.5.2.1 Jet Semi-continuous flow reactor
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The highly concentrated silver nanoparticles (5,000 ppm) were
synthesized using an aqueous solution of 46 mM silver nitrate was prepared in 2.0%
soluble starch, and an aqueous solution of 35 mM sodium borohydride in the 2.0%
soluble starch solution was sequentially prepared. Silver nitrate solution and sodium
borohydride solution were filled into the container of silver salt solution and container

of reducing agent. The operation was the same as that of Section 3.2.1.2.

3.5.2.2 Tubular flow reactor (the pulse flow processes)

The large amounts of highly concentrated silver nanoparticles (5,000
ppm) were synthesized by tubular flow reactor (the pulse flow processes). The
synthesis preparations were similar to that reporting in Section 3.5.2.1. The operation

was the same as that of Section 3.2.1.3.

3.5.2.3 Tubular flow reactor (the continuous flow processes)

The preparation of the synthesized high concentration silver
nanoparticles by tubular flow reactor (the continuous flow processes) were the same
as that of Section 3.5.2.1. The operation was the same condition as that of Section

3.2.14.

3.5.3 Influence of flow rates on the synthesis of silver nanoparticles

To study the effect of the flow rate for producing silver nanoparticles by
tubular flow, the reactor were varied as the flow rates of 3.1, 14.4, 800 and 4,000
mL/min. The length of tube was fixed at 20 cm and the diameter of tube was 6 mm.
The preparation and the operation of the synthesized high concentration silver

nanoparticles were the same as that of Section 3.5.2.3.
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3.5.4 Influence of reactor diameter

The effect of reactor diameter for producing silver nanoparticles by tubular flow
reactor were varied as 6, 8 and 10 mm. The preparation and the operation of the

synthesized silver nanoparticles were similar to that reporting in Section 3.5.2.3.

3.5.5 Comparison of the synthesized silver nanoparticles from batch

reactor with that of tubular flow reactor

The normalized extinction spectra of the synthesized silver nanoparticles by
batch reactor (40 liters) and tubular flow reactor (40 liters) were measured. The results

were compared with the size and size distribution.

3.6 Comparison of silver nanoparticles from our synthesis by tubular flow

reactor with the available commercial product

The normalized extinction spectra of the synthesized silver nanoparticles from
our synthesis by tubular flow reactor and the available commercial product were
measured. The results were compared with the size and size distribution.
3.7 The stability of synthesized silver nanoparticles

The synthesized silver nanoparticles by tubular flow reactor kept for six
months after synthesis were measured by UV-Vis spectrophotometer. The results
were compared with the size and size distribution.

3.8  Economical point of view

Production costs of high concentration silver nanoparticles from our synthesis

are summarized in Table 3.2
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Table 3.2  Comparison cost of high concentration silver nanoparticles with our

synthesis and the available commercial product

Silver nanoparticles (our synthesis)

Silver nanoparticles Type 1: Type 2:
(commercial product) Synthesized from Synthesized

commercial AgNO;  from Ag metal

Total cost

_ 8,500 1,008.4™ 622.8"
(Baht/1liter)

Silver nanoparticles (available commercial product; 10,000 ppm/ 1liter) = 8,500 Baht,
http://nanobio.bioneer.com/AccuSilversol.pdf, AD 2010

Estimated cost of our synthesized silver nanoparticls is summarized in Table A 2
3.9 Characterization of synthesized high concentration silver nanoparticles
3.9.1 UV-Visible spectroscopy
The plasmon absorptions of the synthesized silver nanoparticles were
measured by Ocean Optics Portable UV-Visible spectrometer (USB4000-UV-VIS

detector) equipped with the Deuterium-Halogen light source DH 2000. The sample

was diluted with distilled water in order to get the final concentration of 10 ppm.

Figure 3.5 Ocean Optics Portable UV-Visible spectrometer.
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3.9.2 Transmission electron microscope (TEM)

The particles morphology of the highly concentrated silver nanoparticles were
measured via JEOL JEM-2010 analytical transmission electron microscope, which
operated between 80 and 200 kV at a point resolution of 0.23 nm with the LaBg
electron gun. The samples as silver nanoparticles were prepared by placing a drop of
solution onto a carbon-coated copper grid. After the silver nanoparticles solutions

were left dried out, TEM images of silver nanoparticles were collected.

Figure 3.6 JEOL JEM-2010 analytical transmission electron microscope.

3.10 Antibacterial activity testing and safety testing in laboratory animals with

our synthesized silver nanoparticles

3.10.1 Antibacterial activity testing with our synthesized silver

nanoparticles

Antibacterial activity of our synthesized silver nanoparticles was tested for its
ability to reduce the growth of bacterial pathogens. In this experiment, Escherichia
coli as Gram-negative bacteria, Staphylococcus aureus and methicillin resistant
Staphylococcus aureus (MRSA) as Gram-positive bacteria were used. To compare the
antibacterial activity, silver nanoparticles (50 ppm) were added into the tube that

contained 5 mL of NSS (normal saline solution) and another tube that had only NSS
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acted as a control. The experiment was performed in duplicate. The details of the
experimental procedure modified from that of Hoffman et al. (2001), are shown in
Figure B 1. Antibacterial activity of silver nanoparticles was determined under the
supervision of Laboratory RM # 408, Department of Microbiology, Faculty of

Science, Chulalongkorn University.

3.10.2 Safety testing in laboratory animals with our synthesized silver

nanoparticles

Silver nanoparticles are investigated by the acute oral toxicity, the acute
dermal toxicity and the acute eye irritation and corrosion of silver nanoparticles using
the recommended Organization for Economic Cooperation and Development (OECD)
guidelines No. 425, 434 and 405, respectively. And then, silver nanoparticles are
investigating the acute pulmonary toxic test and the studies for describing the acute
pulmonary pathological effects caused by intratracheal exposure to various doses of
silver nanoparticles are shown in Appendix C. Our synthesized silver nanoparticles
was investigated with safety testing in laboratory animals from Department of

Pathology, Faculty of Veterinary Science, Chulalongkorn University.

3.11 Industrial applications of our synthesized silver nanoparticles

The synthesized silver nanoparticles were applied into commercial products
and industrial applications. For examples of typical products: fabric as sportswear
(Nan Yang Group Nan Yang Inspiration Center Co., Ltd.), colloid as deodorant
(CutePress SSUP group Co., Ltd.), polymer as water filter (PURE Siam Cast Nylon

Co., Ltd.) and detergent (Lion Co. (Thailand), Ltd.).



CHAPTER 1V
RESULTS AND DISSCUSION

The region extinction spectra in UV-Visible were employed for characterizing
synthesized silver nanoparticles. The specific optical properties of nanoparticles are
the consequence of the characteristic collective oscillation of the electrons around the
particles [17, 14]. The results were rapidly analyzed by considering peak shape, peak
positions, and peak intensities. According to the prior research [18-20], the narrow
peak suggested the narrow particle size distribution. The shift of the peak to longer
wavelength implied the larger particle size. The symmetrical shape of extinction

spectrum suggested the spherical particles [31-37].

4.1 Various factors affecting the synthesis of high concentration silver

nanoparticles

The synthesis of high concentration silver nanoparticles by chemical reduction
method was optimized with various reducing agents and stabilizer in order to optimal
chemical reagents for producing stable silver nanoparticles in large amount. This
process required the strong reducing agent for producing numerous metal nuclei in
fast nucleation rate, and the stabilizer for protecting aggregation of synthesized

manoparticles.

4.1.1 The influence of reducing agents

The various reducing agents (glucose and sodium borohydride) were
employed for silver nanoparticles synthesis. The results are shown in Figure 4.1. The
maxima of normalized extinction spectra of synthesized silver nanoparticles obtained
by glucose and sodium borohydride as reducing agents showed the peak at 416 nm
and 390 nm, and have FWHH about 85 nm and 56 nm, respectively. These result
suggested that the size of synthesized silver nanoparticles obtained from glucose as

reducing agent were larger with broader size distribution than that of the synthesized
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silver nanoparticles using sodium borohydride. It is known that glucose is the weak
reducing agent; the nucleation rate is slow and the producing numerous metal nuclei
is low. So, some ions could be inducted with irregularity on surface of nuclei. The
formations of particles are non-uniform sizes and having the large particles with broad
size distribution. In contrast, the sodium borohydride is the strong reducing agent. The
reactions of sodium borohydride occur rapidly causing the immediate nucleation and
the nucleation rate is high for the formation of silver particles. The obtained
nanoparticles were small and had narrow size distribution. Therefore, the appropriate

reducing agent using in this process is sodium borohydride.

Sodium borohydride Glucose

1.00

0.50

Normalized Extinction

0.00
300 400 500 600

Wavelength (nm)

Figure 4.1 The normalized extinction spectra of highly concentrated silver
nanoparticles (5,000 ppm) synthesized from batch reactor with

various reducing agents.
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Table 4.1 Extinction maxima and FWHH of extinction spectra of synthesized silver

nanoparticles obtained from various reducing agents

The full width at half height,

Reducing agent Amax (nm)
8a8 FWHH (nm)
Glucose 416 85
Sodium borohydride 390 56
A B

8 nm 6 nm

Figure 4.2 The transmission electron microscopy (TEM) images of the silver
nanoparticles synthesized by various reducing agents: (A) glucose (B)

sodium borohydride.
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The proposed particle growth pathways are shown in Figure 4.3.

silver nitrate

solution

—l)
Hot glucose The brown color
solution was formed upon
(~90 °C) stirring mixture for

1 minute. The nucleation rate is
slow and the producing
numerous metal nuclei is
low. So, some ions could
be inducted with
irregularity on surface of
nuclei. The formations of
particles are non-uniform
sizes.

(B)

Particles with large
size and broad size
distribution.

silver nitrate

solution
—
Sodium The dark brown
borohydride color appeared
solution within a few
seconds The reaction was
rapid with immediate
nucleation. The

nucleation rate is high
for the formation of
silver particles.

Particles with small
size and narrow size
distribution.

Figure 4.3 The proposed growth pathways of silver nanoparticles when (A) weak

reducing agents and (B) strong reducing agents were employed as

reducing agents.
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4.1.2 The effect of stabilizers

The influence of stabilizer (gelatin, methylcellulose, and soluble starch) on
particle shape, particles size and particles size distribution of synthesized silver
nanoparticles were investigated. The results are shown in Figure 4.4. The maxima of
normalized extinction spectra of silver nanoparticles stabilized by gelatin and methyl
cellulose showed the peak at 430 and 417 nm, respectively. The quadrupole at 350 nm
and tailing around 475 nm were observed. The FWHH of extinction spectra of silver
nanoparticles stabilized with gelatin and methyl cellulose were 110 and 75 nm,
respectively. These suggested a large size of synthesized silver nanoparticles with a
broad size distribution, as well as the shape of imperfect spherical particles. The
symmetrical extinction spectrum with the maximum located around 400 nm, and has
FWHH about 45 nm were obtained from silver nanoparticles stabilized with soluble
starch. — This represented the small size and narrow size distribution of spherical
silver nanoparticles. It was found that the stability of silver nanoparticles with gelatin
or methyl cellulose is the lowest. On the other hand, the stability of silver
nanoparticles with soluble starch is the highest. It is known that sodium borohydride
as reducing agent with silver nitrate is the spontaneous reaction. These reaction, the
local concentration is perfect homogenous concentration distribution of solution and
perfect homogeneous phase. So, the formations of particles are uniform sizes and
narrow size distribution. For gelatin and methyl cellulose, the results suggested that
the effect of low efficient mixing from heterogeneous phase of stabilizer as gelatin
and methyl cellulose, while adding sodium borohydride with gelatin or methyl
cellulose were obtained flood of foam in the solution. In addition, the stability of
gelatin that provided amino functional groups for coordinating with silver metal. It
can easily be exchanged with other metal due to the less steric in this stabilizer [10,
17-20]. Methyl cellulose utilized the steric effect for stabilizing silver nanoparticles.
However, this stabilizer lacks of functional groups that stabilized silver nanoparticles.
Methyl cellulose is sparingly soluble in water [11, 18]. Those results were decreased
efficient stabilization of silver nanoparticles. The formations of particles from gelatin
and methyl cellulose as stabilizer were non-uniform sizes and broad size distribution

with imperfect spherical particles. In the case of soluble starch, it can be explained in
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term of the solubility and stabilizer of starch with functional groups. The solutions
were showed the high efficient stabilization of silver nanoparticles. Moreover, the
combinations of steric effect and hydroxyl groups of amylose component stabilized
silver nanoparticles in unique and small size [14, 22]. The formations of particles
were uniform sizes and narrow size distribution. Therefore, the appropriate stabilizer

used in this process was soluble starch.

Table 4.2 Extinction maxima and FWHH of extinction spectra of synthesized silver

nanoparticles obtained from various stabilizers

The full width at half height,

Stabilizers Amax (NM)
FWHH (nm)
Gelatin 417 75
Methyl cellulose 430 110
Sodium borohydride 400 45
Starch_  Cellulose Gelatin
1.00

0.50

Normalized Extinction

0.00
300 400 500 600

Wavelength (nm)

Figure 44 The normalized extinction spectra of 5,000 ppm silver nanoparticles

synthesized from batch reactor with various stabilizers.
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4.1.3 Influence of the order of addition of reactant solution

The order of addition of the sodium boryhydride solution and silver nitrate
solution also affect the size distribution. The influences of order of addition, on the
synthesized silver nanoparticles are shown in Figure 4.5. The maximum and FWHH
of normalized extinction spectrum of synthesized silver nanoparticles obtained with
silver nitrate solution added to the sodium borohydride solution show the peak at 398
nm and 50 nm, respectively. The maximum of normalized extinction spectrum of
synthesized silver nanoparticles obtained with sodium borohydride solution adding to
silver nitrate solution was around 399 nm, and had FWHH about 55 nm. These results
suggested that the size distribution of synthesized silver nanoparticles obtained from

silver nitrate solution added to sodium borohydride were narrower.

1.00

AgNO, added to NaBH,

NaBH, added to AgNO,

0.50

Normalized Extinction

0.00
300 400 500 600

Wavelength (nm)

Figure 4.5 The normalized extinction spectra of synthesized silver nanoparticles

when using different order of reactant addition.



The proposed particle growth pathways with different order of reactant

addition for synthesizing high concentration silver nanoparticles are shown in Figure

.

AgNO;+soluble NaBH,+soluble
starch solution starch solution
—l —)
NaBH,+soluble AgNO;+soluble

starch solution starch solution

No active silver ions in
media solution, the
formations of silver
nanoparticles were

Some active
silver ions in
remained media
solution were

The size of silver
nanoparticles

were non-uniform
with broad size

uniform with narrow reduced on distribution.
size distribution. surface of silver
nanoparticles

and aggregation
to form large
particles by
autocatalytic
pathway.

Figure 4.6  The illustration of order of addition for synthesizing high concentration

silver nanoparticles.

When silver nitrate solution was added to the sodium borohydride, the particles size
distribution was narrow because, the silver ions were completely reduced to silver
nanoparticles. No active silver ions in media solution reduced on surface of silver
nanoparticles by with narrow size distribution.

Vice versa, when sodium borohydride solution was added to the silver nitrate
solution, some active silver ions in media solution were reduced on the surface of
silver nanoparticles and aggregated to form large particles by autocatalytic pathway.

So, the formations were non-uniform with a broad size distribution.
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4.1.4 The effect of the concentration of reducing agent & stabilizer

The concentration of sodium borohydride (reducing agent) and concentration
of soluble starch (stabilizer) were optimized. The normalized extinction spectra of
highly concentrated silver nanoparticles (5,000 ppm; 46 mM) synthesized from batch
reactor with various concentration of sodium borohydride (23, 35, 46 and 70 mM),
and various concentration of soluble starch (0.5, 2.0 and 4.0 %) are shown in Figure
4.7. The maxima of normalized extinction spectra of silver nanoparticles obtained
with 23 mM sodium borohydride, and 2.0 and 4.0% soluble starch were around 400
nm having the symmetrical shape with the FWHH about 47 and 50nm, respectively.
The maxima of normalized extinction spectra of silver nanoparticles obtained with 35
mM sodium borohydride, and 2.0 and 4.0% soluble starch were at 400 nm, having
symmetrical shape with the FWHH about 42 and 52nm, respectively. When 0.5%
soluble starch was used; silver nanoparticles with 23 and 35 mM sodium borohydride
showing the peak around 400 nm. The quadrupole at 350 nm and the tailing around
450 nm were found as well as the FWHH was about 63 and 64 nm, respectively.
These results suggested that the size distribution of synthesized silver nanoparticles
was broader with imperfect spherical shape comparable to those obtained from 23 and
35 mM sodium borohydride, and 2.0 and 4.0% soluble starch. It meaned that the
concentration of 0.5% soluble starch was not enough for stabilizing silver
nanoparticles. In addition, there are the formations of the larger silver nanoparticles.
However, the concentration of 4.0% soluble starch is improper as the stabilizer,
because the increased concentration of soluble starch was obtained flood of foaming
as the heterogeneous phase solution. The stability of silver nanoparticles was weak
and aggregating when 23 mM sodium borohydride was used and the broad size

distribution of silver nanoparticles were found after 7 days.
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Figure 4.7 The normalized extinction spectra of highly concentrated silver
nanoparticles (5,000 ppm) synthesized from batch reactor with various
concentration of soluble starch (0.5, 2.0 and 4.0 %) and various
concentration of sodium borohydride (A) 23 mM, (B) 35 mM, (C) 46
mM and (D) 70 mM.

The maximum of normalized extinction spectrum of silver nanoparticles
obtained with 46 mM sodium borohydride, and 2.0% soluble starch was at 398 nm.
The symmetrical peak shape had the FWHH about 63 nm. The maximum of
normalized extinction spectra of silver nanoparticles obtained with 46 mM sodium
borohydride, and 0.5% and 4.0% starch showed the peak around 395 nm with the
quadrupole situated at 350 nm and the tailing around 450 nm. The FWHH was about
136 and 89 nm, respectively. This result suggested that the size distribution of
synthesized silver nanoparticles was broad and the particle shape was imperfect
sphere.

The maximum of normalized extinction spectra of silver nanoparticles

obtained with 70 mM sodium borohydride and 0.5%, 2.0% and 4.0% soluble starch
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showed the peak around 395, 398 and 395 nm with the FWHH about 106, 64 and 82
nm, respectively. These implied that the use of high concentration of sodium
borohydride (70 mM) obtained complete and fast reaction for producing small size of
silver nanoparticles. However, the concentration of stabilizer was insufficient for
stabilizing silver nanoparticles from aggregation into large particles size.

From those studies, the optimal condition for synthesizing silver nanoparticles
was 35 mM sodium borohydride (reducing agent) and 2.0% soluble starch as
stabilizer for producing large amount as well as high concentration and stable silver

nanoparticles.

This research was the synthesized silver nitrate for reducing the cost of import
silver nitrate and producing low cost of silver nanoparticles. The synthesis of silver
nanoparticles from silver nitrate was in similarity with our homemade comparable to

that obtained with available commercial product as shown in Figure B 2.

Summary

\ The silver nanoparticles were reproducibility of the synthesized by
chemical reduction of silver nitrate with sodium borohydride for
producing large amount high concentration silver nanoparticles.

\ The optimal molar ratio of silver nitrate to sodium borohydride was
1.00 to 0.75.

\ The optimal concentration of soluble starch 2% (w/v) were used as a
stabilizer.

\ The synthesized silver nanoparticles were narrow size distribution with
FWHH about 42 nm and spherical with the mean size of 10 nm.

\ The synthesized silver nanoparticles was in similarity with that getting

started from our homemade silver nitrate comparable to that obtained
with getting started from silver nitrate as commercially available

analytical grade.
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4.2 The various factors affecting the production of large amount and high

concentration silver nanoparticles

4.2.1 Comparison of the synthesized silver nanoparticles from batch

reactor with the reactor volume of 1 liter and 40 liters

The normalized extinction spectra of 5,000 ppm silver nanoparticles
synthesized from batch reactor with the reactor volume of 1 and 40 liters are shown in
Figure 4.8. The maximum of normalized extinction spectra of silver nanoparticles
obtained from the reactor volume of 1 liter was at 400 nm, symmetrical shape with the
FWHH about 50 nm. However, the maximum of normalized extinction spectrum of
silver nanoparticles obtained from 40 liter batch reactor shows the peak around 395
nm, the FWHH is about 64 nm, and the tailing around 450 nm. This result suggests
that the size distribution of synthesized silver nanoparticles is broader compared batch
reactor with the synthesized highly concentrated silver nanoparticles obtained from 1

liter.

40 liters
1.00

1 liter

0.50

Normalized Extinction

0.00 | | | | I
300 400 500 600

Wavelength (nm)

Figure 4.8 The normalized extinction spectra of 5,000 ppm silver nanoparticles

synthesized from batch reactor with 1 liter and 40 liters reactor volume.
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Transmission electron microscopy (TEM) images presenting silver
nanoparticles synthesized from 1 liter and 40 liters batch reactor are shown in Figure
4.9. The particle shape of the silver nanoparticles obtained from the 40 liters batch
reactor were imperfect sphere with borader size distribution than that of the silver

nanoparticles obtained from the 1 liter batch reactor.

Figure 49 The TEM images representing silver nanoparticles synthesized from

batch reactor with (A) 1 liter and (B) 40 liters reactor volume.

The proposed particles growth pathways of batch reactor are shown in Figure

4.10.

At 1 liter - batch reactor, the size of synthesized silver nanoparticles was small
with narrow size distribution. The reduction between silver nitrate with sodium
borohydride is the spontaneous reaction. The efficient mixing was effected the local
concentration and concentration distribution of solution. The efficient mixing is high.
The reaction is perfect homogenous concentration distribution of solution and perfect
homogeneous phase. Therefore, the nanoparticles formations were uniform with
narrow size distribution.

From 40 liters batch reactor, the mixing was poor with large volume; the

efficient mixing is low, so the local concentration between silver ions and sodium
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borohydride is non-homogeneous concentration distribution of solution and non-
homogeneous phase. Some active silver ions in media solution were reduced on
surface of silver nanoparticles and aggregation to form large particles by autocatalytic
pathway. Therefore, synthesized nanoparticles were non-uniform with broad size

distribution. The particles shape was imperfect sphere.

AgNPs produced by batch reactor — 1 liter. AgNPs produced by batch reactor — 40 liters.

—> —>
Added Added
AgNO;+soluble AgNO;+soluble

NaBH,+soluble
starch solution

NaBH,+soluble

. starch solution
starch solution

starch solution

Small volume, so the Large volume, so the The formations of

efficient mixing is high, the
concentration of AGQNO; and
NaBH, distribution is
homogeneous solution. The
formation of particles are
uniform with narrow size
distribution.

efficient mixing is low,
the local concentration is
non-homogeneous
distribution concentration
solution. Some active
silver ions in media
solution were reduced
on surface of silver
nanoparticles and
aggregation to form
large particles by
autocatalytic pathway.

silver nanoparticles
were non-uniform
with broad size
distribution.

Figure 4.10 The illustrations of the high concentration silver nanoparticles

synthesized from batch reactor.
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4.2.2 Synthesis of large amount and high concentration silver

nanoparticles by novel reactor

The maximum of production by batch reactor with the capacity about 40 liters
per hour is not continuous production of silver nanoparticles and not overcome the
large amount for support industrial. With increasing the large amount of high
concentration silver nanoparticles by batch reactor (1 liter up to 40 liters), the efficient
mixing is low, the formation of particles were non-uniform with broad size
distribution. To solve problems of this research, the novel reactor was designed to
resolve and develop for producing large amount of high concentration silver
nanoparticles with narrow size distribution of particles.

The concepts, the design, develop and invent reactor for synthesis process can
be divided to 3 categories: Firstly, the reactor is high efficient mixing because, the
reduction between silver nitrate with sodium borohydride is the spontaneous reaction;
the efficient mixing was effected the local concentration and concentration
distribution of solution. This reaction is perfect homogenous concentration
distribution of solution and perfect homogenous phase, the forming particles was
uniform with narrow size distribution. Secondly, the reaction was no active silver ions
in media solution; when the silver ions were reduced to silver nanoparticles, some
active silver ions in media solution were reduced on the surface of silver nanoparticles
and aggregation to form large particles by autocatalytic pathway. The formations of
silver nanoparticles were non-uniform with a broad size distribution. Finally, the

process was continuous production for large amount of product.

4.2.2.1 Jet semi-continuous flow reactor

At the beginning of the development and the invention of reactor, the
jet semi-continuous flow reactor was designed for synthesis of large amount of high
concentration silver nanoparticles had narrow size distribution of particles by using
flow system. The reaction was flow in tube; it decreased some active silver ions in

media solution that prevented the autocatalytic reaction.
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The normalized extinction spectrum of 5,000 ppm silver nanoparticles
was synthesized with the jet semi-continuous flow reactor by using primary mixing
chamber as three-ways connection tube and, primary mixing chamber as three-ways
connection tube with external mixing chamber are shown in Figure 4.11 A and B. The
maximum of normalized extinction spectrum of silver nanoparticles obtained from the
jet semi-continuous flow reactor by using primary mixing chamber as three-ways
connection tube show the peak around 403 nm, and tailing around 475 nm were
observed. The symmetrical shape and the maximum of normalized extinction
spectrum of silver nanoparticles obtained from the jet semi-continuous flow reactor
by using primary mixing chamber as three-ways connection tube with external mixing
chamber show the peak around 403 nm and the quadrupole at 350 nm. The FWHH of
silver nanoparticles obtained from the jet semi-continuous flow reactor by using
primary mixing chamber as three-ways connection tube, and primary mixing chamber
as three-ways connection tube with external mixing chamber were 97 and 57 nm,
respectively. The smaller with narrow size distribution and blue-shift in the maxima
of normalized extinction spectrum of the silver nanoparticles were synthesized from 1
liter batch reactor observed the symmetrical shape and the maximum of normalized
extinction spectrum of this solution show peak around 400 nm with FWHH 50 nm are
compared to that obtained from the jet semi-continuous flow reactor are show in
Figure 4.11D. These results suggested that the larger with broad size distribution of
silver nanoparticles obtained from the jet semi-continuous flow reactor by using
primary mixing chamber as three-ways connection tube due to the effect of efficient
mixing, while the primary mixing chamber as three-ways connection tube showed the
low efficient mixing and be poor for mixing. In addition, the narrow size distribution
of silver nanoparticles obtained from the jet semi-continuous flow reactor by using
primary mixing chamber as three-ways connection tube with external mixing chamber
due to the effect of increased efficient mixing, while the external mixing showed the
thoroughly mixed. However, this efficient mixing did not complete showed the
normalized extinction spectrum of silver nanoparticles obtained from the jet semi-
continuous flow reactor by using primary mixing chamber as three-ways connection
tube with external mixing chamber were the imperfect spherical shape with broader

size distribution than that from 1 liter batch reactor.
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Figure 4.11 The normalized extinction spectrum of 5,000 ppm silver nanoparticles
synthesized from (A) the jet semi-continuous flow reactor by using
primary mixing chamber as three-ways connection tube, (B) the jet semi-
continuous flow reactor by using primary mixing chamber as three-ways
connection tube with external mixing chamber, (C) batch reactor with 1
liter and (D) the comparison of the normalized extinction spectra of
silver nanoparticles synthesized form the jet semi-continuous flow
reactor by using primary mixing chamber as three-ways connection tube
and as three-ways connection tube with external mixing chamber, and

batch reactor with 1 liter.

The normalized extinction spectrum of silver nanoparticles diluted
from the high concentration ca. 5,000 ppm synthesized with the jet semi-continuous
flow reactor is shown in Figure 4.12. The red-shift in the maximum of normalized
extinction spectra of the silver nanoparticles (46 mM/5,000 ppm) were synthesized
from jet semi-continuous flow reactor with 35 mM sodium borohydride, and 2.0%

soluble starch and observed the maximum of normalized extinction spectrum of this



46

solution show peak around 403 nm with the quadrupole at 350 nm and the FWHH
about 57 nm are compared to the symmetrical peak shape had the maximum of
normalized extinction spectrum of silver nanoparticles obtained from 1 liter batch
reactor showing the peak around 400 nm with FWHH 50 nm was observed. However,
the size distribution of silver nanoparticles was narrower from the jet semi-continuous
flow reactor by using primary mixing chamber as three-ways connection tube with

external mixing chamber compared to that obtained from 40 liters batch reactor.
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Figure 4.12 The normalized extinction spectra of 5,000 ppm silver nanoparticles
synthesized from the batch reactor with 1 liter, the jet semi-continuous
flow reactor by using primary mixing chamber as three-ways connection

tube with external mixing chamber and the batch reactor with 40 liters.

4.2.2.2 Tubular flow reactor (the pulse flow processes)

The normalized extinction spectrum of silver nanoparticles diluted
from the high concentration ca. 5,000 ppm was synthesized with the tubular flow
reactor (the pulse flow processes) by using primary mixing chamber as three-ways
connection tube with external mixing chamber, primary mixing chamber as modified

from hypodermic syringe and primary mixing chamber as custom-made modified
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from hypodermic syringe are shown in Figure 4.13A-C. The maximum of normalized
extinction spectrum of silver nanoparticles obtained from the tubular flow reactor (the
pulse flow processes) by using primary mixing chamber as three-ways connection
tube with external mixing chamber show the peak around 401 nm with the quadrupole
at 350 nm were observed. The symmetrical shape and the maximum of normalized
extinction spectrum of silver nanoparticles obtained from the tubular flow reactor (the
pulse flow processes) by using primary mixing chamber as modified from
hypodermic syringe show the peak around 399 nm with the quadrupole at 350 nm.
The FWHH of silver nanoparticles obtained from the tubular flow reactor (the pulse
flow processes) by using primary mixing chamber as three-ways connection tube with
external mixing chamber and as modified from hypodermic syringe were 59 and 55
nm, respectively. The narrow size distribution of normalized extinction spectrum of
the silver nanoparticles were synthesized from the tubular flow reactor (the pulse flow
processes) by using primary mixing chamber as custom-made modified from
hypodermic syringe observed the symmetrical shape and the maximum of normalized
extinction spectrum of this solution show peak around 401 nm with FWHH 53 nm.
These result compared to that obtained from the tubular flow reactor (the pulse flow
processes) by using primary mixing chamber as three-ways connection tube with
external mixing chamber and as modified from hypodermic syringe are show in
Figure 4.13D. These result suggested that the efficient mixing of tubular flow reactor
(the pulse flow processes) by using primary mixing chamber as custom-made
modified from hypodermic syringe were high efficient mixing and showed the
spherical shape with narrow size distribution of silver nanoparticles, while the
efficient mixing of tubular flow reactor (the pulse flow processes) by using primary
mixing chamber as three-ways connection tube with external mixing chamber and as
modified from hypodermic syringe were low efficient mixing and showed the
imperfect spherical shape with broader size distribution of silver nanoparticles, it
could be seen that the tubular flow reactor (the pulse flow processes) by using primary
mixing chamber as custom-made modified from hypodermic syringe showed the high

efficient mixing.
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Figure 4.13 The normalized extinction spectrum of 5,000 ppm silver nanoparticles
synthesized from the tubular flow reactor (the pulse flow processes) by
using (A) primary mixing chamber as three-ways connection tube with
external mixing chamber, (B) primary mixing chamber as modified from
hypodermic syringe, (C) primary mixing chamber as custom-made
modified from hypodermic syringe and (D) the comparison of the
normalized extinction spectra of silver nanoparticles synthesized form
the tubular flow reactor (the pulse flow processes) with various mixing

chamber.

The normalized extinction spectra of silver nanoparticles diluted from
the high concentration ca. 5,000 ppm synthesized with the tubular flow reactor (the
pulse flow processes) are shown in Figure 4.14. The maximum of normalized
extinction spectra of silver nanoparticles obtained from tubular flow reactor (the pulse
flow processes) with the same condition as that from the jet semi-continuous flow

reactor was at 401 nm. The symmetrical peak shape had the FWHH about 53 nm. The
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symmetrical peak shape had the maximum of normalized extinction spectrum of
silver nanoparticles obtained from 1 liter batch reactor showing the peak around 400
nm with FWHH 50 nm. The result suggests that the size of synthesized silver
nanoparticles obtained from tubular flow reactor (the pulse flow processes) are
slightly broad size distribution than that of the synthesized silver nanoparticles from I
liter batch reactor. However, the size distribution of silver nanoparticles was narrower
from the tubular flow reactor (the pulse flow processes) compared to that obtained

from 40 liters batch reactor.
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Figure 4.14 The normalized extinction spectra of silver nanoparticles synthesized
from batch reactor with 1 liter batch reactor, the tubular flow reactor (the
pulse flow processes) by using primary mixing chamber as custom-made

modified from hypodermic syringe and batch reactor with 40 liters.

4.2.2.3 Tubular flow reactor (the continuous flow processes)

The normalized extinction spectra of synthesized silver nanoparticles
obtained from the 1 liter - batch reactor and tubular flow reactor (the continuous flow
processes) are compared as shown in Figure 4.15. These results suggested that the

size of synthesized silver nanoparticles obtained from tubular flow reactor (the
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continuous flow processes) are slightly broad size distribution than that of the
synthesized silver nanoparticles from the 1 liter - batch reactor. However, the size
distribution of silver nanoparticles was narrower from the tubular flow reactor (the

continuous flow processes) compared to that obtained from 40 liters batch reactor.
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Figure 4.15 The normalized extinction spectra of silver nanoparticles synthesized
from batch reactor with 1 liter, tubular flow reactor (the continuous flow
processes) by using primary mixing chamber as custom-made modified

from syringe and batch reactor with 40 liters.
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4.2.3 Influence of flow rates on the synthesis of silver nanoparticles

In order to produce the large amount, controllable size distribution, highly
concentrated and stabilized silver nanoparticles, the flow system was developed. The
tubular flow reactor for the synthesized silver nanoparticles is shown in Figure 3.4.
The FWHH for the normalized extinction spectra of silver nanoparticles diluted from
5,000 ppm silver nanoparticles synthesized with various flow rates of reactants are
shown in Figure 4.16. The maxima of normalized extinction spectra of silver
nanoparticles obtained from the flow rate of 3.1 and 14.4 mL/min were located around
400 nm, and the tailing around 475 nm with the FWHH of 76 and 58 nm, respectively.
These suggested a small size of synthesized silver nanoparticles with a broad size
distribution and also the shape of imperfect spherical particles. The maximum of
normalized extinction spectrum of silver nanoparticles for the flow rate of 87.7

mL/min shows the peak around 400 nm and tailing around 450 nm with the FWHH

about 51 nm.
Flow rate

1.00 .
5 / 3.1 mL/min
B 4.4 mL/min
£ L 87.7 mL/min
o 800 mL/min
©
(0]
3 &
©
= ,
o) /
pd

000 | | | 1

300 400 500 600

Wavelength (nm)

Figure 4.16 The normalized extinction spectra of silver nanoparticles diluted from
5,000 ppm silver nanoparticles synthesized from tubular flow reactor

(the continuous flow processes) with various flow rates of reactants.
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This result suggested the small size and broader size distribution of synthesized silver
nanoparticles. At the flow rate of 800 and 4,000 mL/min, the symmetrical shape of
the normalized extinction spectra has the maxima at 400 nm and 395 nm, and had
FWHH about 44 nm and 42 nm, respectively. These presented the spherical particles

with small size and narrow size distribution of silver nanoparticles.

Table 4.3 Reynolds numbers, Re, at various flow rates.

Flow rate Diameter of FWHH

(mL/min) tube (mm) ke (nm)
3.1 6 11 76
14.4 6 51 58
87.7 6 310 51
800.0 6 2,828 44
4,000.0 6 14,141 42

The Reynolds numbers calculated from the experimental parameters were
shown in Table 4.3. The values of Re for the flow rate of 3.1 and 14.4 mL/min are 11
and 51, respectively. Since, Re are below the value of 2,100, flow patterns are laminar
(smooth flow) [9, 33]. So, it is possible that the mixing is poor; the efficient mixing is
low. The reaction is imperfect homogeneous concentration distribution of solution
and imperfect homogeneous phase. Some active silver ions in media solution could be
reduced on surface of silver nanoparticles and aggregate by autocatalytic pathway.
The forming particles were growing to larger and non-uniform particles with broad
size distribution [18]. The values of Re at the flow rate of 800.0 and 4,000.0 mL/min
are 2,828 and 14,141, respectively. Re are above 4,000; the turbulent flow patterns,
rough flow [9, 33], caused the efficient mixing is high. The reaction is perfect
homogenous concentration distribution of solution and perfect homogeneous phase.
There were no active silver ions left in media solution that triggered the autocatalytic
reaction. The small sizes of synthesized silver nanoparticles were uniform with a

narrow size distribution.
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The proposed particle growth pathways for flow reactors are shown in Figure

4.17.

AgNO;+ soluble
starch solution

NaBH,+ soluble

starch solution Turbulent flow
patterns, so the
efficient mixing
is high.

Flow system, no
active silver ions in
media solution. The
formation of silver
nanoparticles were
uniform with narrow
size distribution.

Figure 4.17 The illustration of the synthesized high silver nanoparticles from tubular

flow reactor.
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4.2.4 Influence of reactor diameter

The normalized extinction spectra of the synthesized silver nanoparticles when
various diameter of reactor tube were used for the synthesis are shown in Figure 4.18.
The maximum of the normalized extinction spectra of silver nanoparticles when
reactor tube were 6, 8 and 10 mm located around 395 nm and had the symmetrical
shape with the FWHH of 42, 43 and 45 nm, respectively. This suggested that the
shape of particles were sphere and the particle size of the synthesized silver
nanoparticles obtained from diameter of 6, 8 and 10 mm were nearly superimposable

with the narrow size distribution.

0.7

1.00

0.50 425

Normalized Extinction

0.00 '
300 400 500 600

Wavelength (nm)

Figure 4.18  The normalized extinction spectra of 5,000 ppm silver nanoparticles

synthesized from tubular reactor with various diameter of tube.



Table 4.4 Reynolds numbers,

Re, at various reactor tube diameter.
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Flow rate Diameter of FWHH

(mL/min) tube (mm) Re (nm)
4,000 6 14,141 42
4,000 8 10,606 43
4,000 10 8,485 45

The Reynolds numbers calculated from the experimental parameters as shown

in Table 4.4. The values of Re for the diameter of tube about 6, 8 and 10 mm are

14,141, 10,606 and 8,485, respectively. The results suggested that increasing diameter

of tube decreasing the values of Re, the values of Re was below. From the

experimental, the increasing diameter of tube with the flow rate of 4,000 mL/min, the

values of Re were obtained the turbulent flow patterns. This indicates that the

turbulent flow patterns were highly efficient mixing for homogeneous concentration

distribution solution. The formation of particles was uniform with narrow size

distribution. These experimental, the increasing diameter of tube as 6, 8 and 10 mm

were no effected efficient mixing of reactants.
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4.2.5 Comparison of synthesized silver nanoparticles from batch reactor

and tubular flow reactor.

The normalized extinction spectra of silver nanoparticles which diluted from
5,000 ppm silver nanoparticles obtained from batch and tubular flow reactor are
compared as shown in Figure 4.19. The normalized extinction spectrum of silver
nanoparticles obtained from 40 liters batch reactor is 395 nm and the tailing around
450 nm are observed. The FWHH is 64 nm. For the tubular flow reactor at flow rate
of 4,000 mL/min, the symmetrical shapes of the normalized extinction spectrum of
the synthesized silver nanoparticles with the maxima at 395 nm and having FWHH
about 42 nm was obtained. These suggested that the synthesized silver nanoparticles
were smaller with narrow size distribution comparable to the synthesized silver

nanoparticles by the batch reactor.

1.00

Batch reactor (40 liters)

Flow reactor (40 liters)

0.50

Normalized Extinction

0.00
300 400 500 600

Wavelength (nm)

Figure 4.19  The normalized extinction spectra of silver nanoparticles diluted from
5,000 ppm silver nanoparticles obtained from batch reactor and flow

reactor.
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The TEM images of silver nanoparticles synthesized by batch and tubular flow
reactor are shown in Figure 4.20. From the TEM images, the particles size distribution

of batch reactor is broader than the silver nanoparticles synthesized by tubular reactor.

200 nm

Figure 4.20 The transmission electron microscopy (TEM) images of synthesized

silver nanoparticles with (A) batch reactor and (B) tubular flow reactor.
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4.3 Comparison of silver nanoparticles from our synthesis by tubular flow

reactor with the available commercial product

From Figure 4.21, the normalized extinction spectra of diluted colloidal silver
nanoparticles have maxima of 395 and 405 nm for silver nanoparticles synthesized by
the tubular flow reactor and the commercial silver nanoparticles, respectively. This
indicates that the synthesized particles by the tubular flow reactor have smaller
particle size than that of the commercial product. In addition, FWHH of the
normalized extinction spectra of the flow reactor synthesized silver nanoparticles

indicates a narrower size distribution than that of commercial product.

1.00 Tubular flow reactor
S ' Commercial product
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£
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w
©
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N 0.50
©
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0.00

300 400 500 600
Wavelength (nm)

Figure 4.21 The normalized extinction spectra of silver nanoparticles obtained from
tubular flow reactor (Amax = 395 nm) and Commercial product (Amax =

405 nm).
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The TEM images of silver nanoparticles synthesized by the tubular flow

reactor and the commercial product are compared in Figure 4.22.

10 nm 20 nm

Figure 4.22 TEM images of the synthesized silver nanoparticles: (A) tubular flow

reactor synthesized silver nanoparticles (B) commercial product.
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4.4 The stability of synthesized silver nanoparticles

In Figure 4.23, the normalized extinction spectra of synthesized nanoparticles
from the tubular flow reactor measured immediately after synthesis and 6 months later
show the peak around 395 nm and FWHH about 42 nm, respectively. They were
nearly superimposable. This indicates that the synthesized silver nanoparticles were
stable. They were not decomposed, aggregated, and precipitated after, 6 months of

storage at ambient conditions.

1.00

0.50

Normalized Extinction

6 months later
After synthesis

0.00 | | | | 1
300 400 500 600

Wavelength (nm)

Figure 4.23 The normalized extinction spectra of the same synthesized silver
nanoparticles produced by tubular flow reactor measured immediately

after synthesis and 6 months later.
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Summary

V' The synthesized silver nanoparticles were controlled quality and
reproducibility for producing large amount high concentration and stable
silver nanoparticles.

\  Development of tubular flow reactor (the continuous flow processes) at the
flow rate of 4 liters / min was continuously produced silver nanoparticles in
240 liters per hour (240 L/hr).

V' The synthesized silver nanoparticles were spherical shape with average
diameter of 10 nm.

' The particles size distribution was narrow with FWHH about 42 nm.

' The synthesized silver nanoparticles was stable for at least 6 months.
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4.5 Antibacterial activity testing and safety testing in laboratory animals with

our synthesized silver nanoparticles

4.5.1  Antibacterial activity testing

Our synthesized silver nanoparticles was chosen for this experiment. Effect of
the silver nanoparticles on the reduction of Escherichia coli as Gram-negative
bacteria, Staphylococcus aureus and methicillin resistant Staphylococcus aureus
(MRSA) as Gram-positive bacteria were compared with only normal saline solution
as control. The viability of all tested bacteria could be confirmed from the result of
control. The reduction of E. coli from 125000 CFU/mL to 103500 CFU/mL (17.2%),
S. aureus from 70000 CFU/mL to 7350 CFU/mL (89.5%), and methicillin resistant S.
aureus (MRSA) from 162000 CFU/mL to 34000 CFU/mL (79.01%), at 24 hours were
determined. More reduction of S. aureus and methicillin resistant S. aureus (MRSA)
maybe due to they could not maintain cell integrity in normal saline solution. While
our synthesis of silver nanoparticles could reduce E. coli, S. aureus and methicillin
resistant S. aureus (MRSA) from 125000, 70000, and 162000 CFU/mL, respectively
to 0 CFU/mL (100%), at 24 hours.

From the results, three bacterial pathogens were effectively inhibited with 100%
reduction of growth by our synthesis of silver nanoparticles (50 ppm) are shown in
Table 4.5. It can conclude that silver nanoparticles had the antimicrobial activity as
bactericidal functioning in vitro; however, the antimicrobial activity in vivo should be

investigated for further application as a commercial product.



Table 4.5 The antibacterial test =

Escherichia coli CFU/mL

24 Average % reduction
Control 0 hr. 136000 114000 125000
Control 24 hr. 100000 107000 103500 17.2
Silver nanoparticles 0 0 0 100

Staphylococcus aureus CFU/mL

24 Average % reduction
Control O hr. 104000 36000 70000
Control 24 hr. 8600 6100 7350 89.5
Silver nanoparticles 0 0 0 100

methicillin resistant Staphylococcus aureus

(MRSA) CFU/mL
24 Average % reduction
Control 0 hr. 184000 140000 162000
Control 24 hr. 47000 21000 34000 79.01
Silver nanoparticles 0 0 0 100
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* The photograph of antibacterial activity test of three bacterial pathogens with AgNPs is shown in Figure B 3

" The antibacterial test of bacterial pathogens with AgNPs padding on fabric is shown in Figure B 4
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4.5.2 Safety testing in laboratory animals with our synthesized silver

nanoparticles

The effects of silver nanoparticles on safety testing on laboratory animals are

shown in Table 4.6.

Table 4.6  The toxicity test in laboratory animals *

Toxicity test

Results

Acute oral toxicity test;

(OECD/OCDE 425)

Acute dermal toxicity test;

(OECD/OCDE 434)

Acute eye irritation and
corrosion test;

(OECD/OCDE 405)

Acute pulmonary toxic test

No death

No toxicological effects

(LDso (Lethal dose), TDsg (Toxic dose) >5,000
mg/kg)

No significant changes in the general appearance and
skin condition

No toxicological effects

(LDsg (Lethal dose), TDsg (Toxic dose) >5,000
mg/kg)

No any sign of eye irritation

No toxicological effects

(LDsg (Lethal dose), TDsg (Toxic dose) >5,000
mg/kg)

(LDso (Lethal dose), TDsg (Toxic dose) >2,000
mg/kg)

* Effects of silver nanoparticles with safely testing in laboratory aninals are shown in Appendix C
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Industrial applications of our synthesized silver nanoparticles

Our synthesized silver nanoparticles were commercially available, and now

they have been integrated into many commercial products. Some examples are shown

in table 4.7
Table 4.7  The applications of synthesized silver nanoparticles in some commercial
products.
Industrial Typical )
Company o Commercial products
appilcations products
Cosmetics Deodorant
industrial and talcum
CutePress
powder
SSUP group Co., Ltd.
(89/1 Soi Ratchataphan,
“Cute press Deodorant &
Ratchaprarop road, Makkasan, Cute press Perfumed Talc
Ratchathevee, Bangkok 10400) with NANO SILVER “
L I o N Consumer Detergent
product

Lion Co. (Thailand), Ltd.

(666 Rama 3 road, Yannawa,

Bangkok 10120)

“ Pao silver nano”
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Company Industrial Typical _
o Commercial products
appilcations products
Textiles Sportswear,
industrial Shirt and
fabric
Nan Yang Group
Nan Yang Inspiration Center

Co., Ltd.

“Shirt silver nano”

(71 Moo 12 Phetkasem 71 road,
Nongkham Bangkok 10160)

Summary
\ Our synthesized silver nanoparticles could perform antibacterial
activity; three bacterial pathogens were effectively inhibited with
100% reduction of growth by silver nanoparticles (50 ppm).
\ Our synthesized silver nanoparticles were no toxicological effects.
\ Our synthesized silver nanoparticles could really apply to commercial

products and industrial applications such as textiles industrial,

cosmetics industrial and consumer products.



CHAPTER V
CONCLUSIONS

The silver nanoparticles (1,000-10,000 ppm) were controlled quality and
reproducibility of the synthesis by chemical reduction of silver nitrate with sodium
borohydride. The optimum molar ratio of silver nitrate to sodium borohydride was
1.00 to 0.75. The soluble starch was used as a stabilizer; the optimal concentration of
soluble starch was 2% (w/v). The synthesized silver nanoparticles were spherical with
the mean size of 10 nm. The particle size distribution was very narrow with FWHH
about 42 nm. Our synthesized silver nanoparticles were highly stable. They can be
kept at ambient temperature without any aggregation, decomposition, and
precipitation for at least 6 months.

Development of tubular flow reactor with the length of tube was fixed at 20
cm, the diameter of tube was 6 mm and the flow rate of 4 L/min was continuously
produced silver nanoparticles in 240 liters per hour (240 L/hr). The maximum of the
normalized extinction spectrum of silver nanoparticles obtained from the synthesis
was located around 395 nm with FWHH at 42 nm. The TEM images of synthesized
silver nanoparticles showed that they were spherical shape with diameter range
between 5-20 nm and an average diameter of 10 nm.

Moreover, the estimated cost of our synthesis of high concentration silver
nanoparticles (10,000 ppm/1 liter) was about 620 Baht/1 liter.

In this study, 100% reduction of the three bacterial pathogens such as
Escherichia coli as Gram-negative bacteria, Staphylococcus aureus and methicillin
resistant Staphylococcus aureus (MRSA) as Gram-positive bacteria were observed
when they were tested against 50 ppm silver nanoparticles. In addition, our synthesis
of silver nanoparticles did not show any toxicological effects such as the acute oral
toxicity, acute eye irritation and corrosion, and acute dermal toxicity test-fixed dose
procedure at the LDsy or TDsy > 5,000 mg/kg, and acute pulmonary toxicity test at
TDsp > 2,000 mg/kg.

Nowadays, our silver nanoparticles could really apply into commercial

products and industrial applications. For examples, sportswear and fabric for textiles
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industrial (Nan Yang Group Nan Yang Inspiration Center Co., Ltd.), deodorant
products for cosmetics industrial (CutePress SSUP group Co., Ltd.), water filter for
consumer products (PURE Siam Cast Nylon Co., Ltd.) and detergent for consumer
products (Lion Co. (Thailand), Ltd.).

All in all, it was concluded that the aims of this research work was fully

fulfilled.
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Table A 1 Estimated cost of our homemade silver nitrate.

76

Material cost

Production costs of
our homemade silver nitrate

Cost per unit

Aumscélént Cost (Baht)
Ag metal 18,000 Baht / 1,000 g" 100 g 1,800
Conc. Nitricacid 815 Baht/ 2,500 mL” 200 mL 65
Acetone 600 Baht /2,500 mL"™" 100 mL 24
Electricity
Electrical cost Electrical power (kW) Tinz}elrlised E?;i?ﬁi; S}l;lrg’e
(Baht)™"
Heater 1.6 (kW) 2 3.2(unit); 8.4 (B)
Total cost 1897.4
Cost of silver nitrate (Baht / 100 g) = 1,338.7""

Ag metal (99.99%, jewelry store), AD 2009

Merck®, AD 2009

2.63 Baht / unit (According to the electricity tariff applicable to business and residential industry (12 kV and

low), AD 2000)

stk

Silver nitrate (141.73 g; 90% yield, getting started from Ag metal 100 g)



77

Table A 2 Estimated cost of our synthesis of high concentration silver nanoparticles

(10,000 pm/1 liter).

Production costs of our synthesis of high concentration silver

nanoparticles
Cost per Type 1: Type 2:
Material cost p Getting started from AgNO;  Getting started from AgNO;
unit . .
(commercial product) (our synthesis)
Cost Cost
Amount used (Baht) Amount used (Baht)
AgNO;3 ~1340 Baht
(our synthesis) /100 g" i 0 16¢ 214.4
AgNO;3 3,750 Baht
(Commercial) /100 g** l6g 600 ) 0
Reducing agent 7,700 Baht

(NaBHL) 1100 g 26¢g 200 26¢g 200

Stabilizer

(Soluble 200 B4t 20g 150 20¢ 150

Starch) ’ &
200 Baht/

DI Water 4,000 mL 1,000 mL 50 1,000 mL 50
Electricity Electricity
consumed consumed

Electrical cost Electrical Time used (unit); Time used (unit);
power (kW) (hr) Electricity (hr) Electricity
charge charge
(Baht) (Baht)
3.2 (unit); 3.2 (unit);
Heater 1.6 2 8.4 (B) 2 8.4 (B)
Total cost 1.008.4 622.8

Cost of our synthesis of silver nitrate, AD 2009

Merck®, AD 2009

* 2.63 Baht / unit (According to the electricity tariff applicable to business and residential industry (12 kV and

low), AD 2000)
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Add 0.1 mL of the inoculums (10° CFU/mL) to each of the tubes containing the
silver nanoparticles (0.05 g) and only normal saline solution as a control

|

Put the tubes on an orbital shaker (100 rpm) and orbitally shake at room
temperature (~25 °C)

|

Collect 100 pL samples after 0 and 24 hours, dilute, and spread in triplicate on
TSA agar plate.

|

Incubate the plates at 37 °C until the growth of the test organism was observed.

|

Count the number of colonies on each plate and report as CFU/mL.

Figure B1 Procedure for the determination of the effects of silver nanoparticles on

the reduction bacterial growth.
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Comparison of synthesized silver nanoparticles from our homemade silver

nitrate and commercially available analytical grade silver nitrate

From Figure B 2, the maxima of normalized extinction spectra of highly
concentrated silver nanoparticles synthesized from our homemade silver nitrate and
available commercial product were around 400 nm and the FWHH about 39 and 41
nm, respectively. The two spectra are nearly super imposable. The results suggested
that the synthesized silver nanoparticles possessed the same shape, size, and size

distribution, and were independent from the source of the silver nitrate used.

Commercial product

1.00

Our synthesis

0.50

Normalized Extinction

000 1 1 1 1 I
300 400 500 600

Wavelength (nm)

Figure B2 The normalized extinction spectra of highly concentrated silver
nanoparticles synthesized from our homemade silver nitrate and

commercially available analytical grade silver nitrate.
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E. coli S. aureus

control control

AgNPs AgNPs

control

AgNPs

Figure B3 Photograph of antibacterial activity test of (A) Escherichia coli, (B)
Staphylococcus aureus and (C) methicillin resistant Staphylococcus
aureus (MRSA) with our synthesized silver nanoparticles (AgNPs), and
(D) our synthesis of silver nanoparticles was applied into commercial

products.
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Antibacterial test against Staphylococcus Aureus (ATCC 6538) by Parallel Streak
method.

AATCC test method 147-1998 (the American Association of Textile Chemists
Colorists, 2004).

Tested by Nanyang Knitting Factory Co., Ltd. And Intertex Testing Services
(Thailand) Limited.

Figure B4 The antibacterial test of bacterial pathogens with silver nanoparticles
padding on fabric: (A/B; Polyester), (C/D; Cotton) with AgNPs 50 ppm,
Tested after 20 Wash: No Growth (NG), and (E/F; Polyester), and
Control (Cotton) Tested after 20 Wash: Large Growth (LG) / Moderate
Growth (MG).
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Int. J. Pharmacol., 4 (6): 492-493, 2008

Fig. 1: Synthetic colloidal gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs); (a) Visual detection of the
AuNPs (left) and the AgNPs (right), (b) UV absorption spectrum of AgNPs and AuNPs and (¢, d) Electron
micrographs of AuNPs (c) and AgNPs (d) at the same magnification (scale bar = 6 nm both)

Table 1: Inhibitory effect of gold nanoparticles (AuNPs) and silver ACKNOWLEDGMENTS
nanoparticles (AgNPs) on wild-typc human P450 (Mcan+SD,
n=4

: Inhibition (%) The authors would like 10 thank
o Kasama Rakphetmanee and Duangjai Punyapojsak for

([:Z;P Hisosnes A;L.'i?’l s 35%?5053 their technical assistance. The partial support from Center

209 285429 83.542.4 of Innovative Nanotechnology Chulalongkorn University

2C19 32.0+5.4 97.8+3.2 is gratefully acknowledged.

3A4 26.0+5.9 98.7+0.5

and penetrate the microsomal membrane. Additionally,
other nanomaierials such as carbon nanotubes were

capable of passing through a transmembrane
configuration (Lopez et al., 2004).
CONCLUSION

Conclusively, to our knowledge, this is the first report
of AuNPs and AgNPs influence on human P450 proteins.
The preliminary findings implied that metallic NPs had an
inhibitory potential on the oxidative metabolism. Any
changes in P450-NP interaction due to the polymorphic
variances of P450 isozymes are under our further
investigations.
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Scheme 1. Use of AgNPs as a new potentiometric redox marker in a glucose biosen-
Sor.

Thus far, no reports regarding the use of cation as marker have
been found. This reason stems form the lack of cation markers
available. Recently, metal nanoparticles such as gold and silver
nanoparticles have been used as nanomaterial labels or “mark-
ers” in electrochemical biosensors and immunosensors [12-14].
Our group has fabricated a silver ion selective electrode or Ag-1SE
using benzothiazole calix[4]arene as ionophore [15]. This Ag-ISE
can be used in speciation analysis of silver nanoparticles (AgNPs).
The keyidea of this paperis to use AgNPs as cation marker in glucose
biosensors as shown in Scheme 1. The enzyme-substrate reaction
between glucose oxidase and glucose is well known to yield H,0,.
The oxidizing power of H,0; is sufficient to convert Ag® of AgNPs to
free Ag*. The activity of Ag" is immediately measured by a Ag-ISE.

2. Materials and methods
2.1. Materials

Glucose oxidase from Aspergillus niger (GOx, EC 1134,
208.17 Umg~!), magnesium acetate tetrahydrate, fructose, sucrose,
high molecular weight polyvinyl chloride (PVC), o-nitrophenyl
octyl ether (0-NPOE), potassium tetrakis (4-chlorophenyl) borate
(KTpCIPB) and tetrahydrofuran (THF) were obtained from Fluka.
Urea and glycine were purchased from Merck. B-pD-Glucose was
obtained from Sigma-Aldrich. The ionophore CU1 [15] was pre-
pared according to previously published procedures. The aqueous
solutions were prepared from Milli-Q (Bedford, MA, USA) water
purification system (Millipore).

Water colloids of high concentration silver nanoparticles
(10,000 ppm) were synthesized via the chemical reduction pro-
cess adapted from previous reports [16-18]. An aqueous solution
of silver nitrate, 0.094 M (Merck) was prepared with methyl cel-
lulose (Shin-Etsu) as a stabilizer. An aqueous solution of 0.07 M
sodium borohydride reducing agent (Merck) with the methyl cel-
lulose solution as a solvent was sequentially prepared. The silver
solution was then added dropwise to the sodium borohydride solu-
tion under a vigorous stirring. A dark cloud appeared and turned to
yellowish brown within a few seconds. When all reactants were
completely added, the solution turned dark brown. The solution
appeared golden yellow when diluted with distilled water under
the concentration lower than 10 ppm.

2.2. Membrane preparation and EMF measurements

The Ag-ISE was prepared according to the procedure developed
by us [15]. For this purpose, the ionophore CU1 (10 mmol kg=1),
KTpCIPB (5 mmol kg—1), 33 wt.% PVC and 66 wt.% 0-NPOE were dis-
solved in 2.5mL of THF. The cocktail solution was then poured
into a glass ring (30 mm i.d.) fixed on a glass plate. The solvent
was allowed to evaporate overnight at room temperature to give a
transparent membrane (thickness ~0.2 mm). The membrane was
punched into small sizes (7.5 mm i.d.) and glued with a PVC/THF
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Ag, AgCl/3MKCl//1 M LiOAc//sample solution/membrane/0.01
M AgNO5 /AgCl, Ag.

2.3. Determination of the releasing Ag" from oxidized AgNPs
using H>0,

AgNPs (1000 ppm, 100 pL) were added into 10 mL of a buffer
solution. Then, 0, 10, 30 and 100 pL of 0.092M H,0, was added
separately in each solution. After stirring for 30min, solutions
were directly measured by the Ag-ISE to determine the activity
of free silver ions. The experiment was repeated by increasing
H,0; concentration from 0.092 to 9.2 Mand 10,000 ppm AgNPs was
employed.

2.4. General EMF measurements

A buffer solution (10 mL) of 10 mM magnesium acetate was used
asenzyme assay solution, The solution was adjusted to an appropri-
ate pH by dilute acetic acid. Glucose was first diluted in a buffered
solution, and the EMF was then measured. Subsequently, AgNPs
was added into the solution of glucose. After the EMF was stable
GOx (308 UmL~1) was added and the EMF increased consecutively.
The experiments were repeated three times for each point. The ini-
tial slope method described by Hassan et al. [19-22] was used in
all measurements. The EMF was continuously monitored every 3s
(defined as an interval time). Plots of reaction rate were obtained
from the differentiation of the change of EMF per interval time
under assumption that the rate of potential change (dEMF/dt) is
directly related to the change in [Hy0;]. The maximum rate of
potential change (dEMF/dt) was graphically determined by using
the rate portion of the curve.

2.5. Studies of interferences

The Ag-ISE was immersed in the buffer solution (25 mL) con-
taining glucose oxidase, and the base line EMF was then recorded.
Subsequently, 50 uL of AgNPs (1000 ppm) was added. The EMF
immediately jumped to higher base line because of the residual
Ag* in AgNPs. After the EMF was stable, urea (8.5 mM), glycine
(0.5 mM), fructose (10 mM) and sucrose (10 mM) were added after
one another, The EMF was recorded after each addition.

2.6. Real sample measurements

A carbonated beverage was diluted by 10mM magnesium
acetate buffer, and pH was adjusted to pH 6. AgNPs (1000 ppm,
20 uL) and GOx (308 UmL~!) were added into the sample solu-
tion. The EMF was then recorded. For a glucose-spiked sample,
a known amount of glucose was added into the carbonated bev-
erage. AgNPs and GOx were then added in the same manner as
described previously. The experiment was carried out in triplicate.
The amount of glucose inthe sample and the glucose-spiked sample
were determined from the maximum rate of the enzyme-substrate
reaction.
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of the synthesized AgNPs (10,000 ppm) (A max =403 nm).

3. Results and discussion
3.1. Preparation of AgNPs

AgNPs were synthesized via the chemical reduction process of
AgNO3 using NaBHy as adapted from previous reports [15-17]. The
plasmon extinction of the synthesized silver nanoparticles mea-
sured by a portable UV/vis spectrophotometer (Ocean Optics USB
4000 UV/Vis spectrophotometer) shown in Fig. 1 has a maxima at
403 nm with a narrow full width at half height (FWHH ~50 nm).
This indicates that the synthesized nanoparticles have a narrow
size distribution. The size and shape of the synthesized silver
nanoparticles have been further observed by transmission electron
microscope (JEOL JEM-2010). The TEM images indicate that AgNPs
are spherical and have an average particle size of 14 nm as shown
in Fig. 2.

3.2. The fabricated Ag-ISE

The Ag-ISE emnloved in this article was fabricared nsing the
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observed with the detection limit in micro-molar range and with 4
orders of magnitude working linear range from the non-optimized
inner filling solution (10-2 M AgNO3). However, in optimized inner
filling solution using the procedure described by Pretsch and co-
workers [23], the Ag-ISE fabricated from the synthesized CU1
exhibitsthe lower detection limit around 108 M. The response time
of the fabricated Ag-ISE is very fast and the measured potentials are
very stable. Principally, a Ag-ISE responds to Ag* exclusively; this,
therefore, allows us to use the Ag-ISE in the speciation analysis of
AgNPs. Both residual Ag™ and the total Ag content in AgNPs (after
oxidizing with H,0,) can be determined with good accuracy and
precision.

3.3. Relationship between the concentration of H,O, and the
releasing of Ag* from AgNPs

The relationship between the concentration of H,O, and the
concentration of the free Ag* generated from AgNPs is investigated
by using the different concentration of the mixture of H,0, and
AgNPs solution. The concentrations of Ag* in each H,0, concentra-
tion are determined by direct potentiometry using our fabricated
Ag-ISE. According to our previous report [15], AgNPs always con-
tain residual free Ag* in the solution. Therefore. the free Ae* from



corresponds very well to the glucose concentration, and the maxi-
mum rate is used here as a monitoring signal. This approach is quite
remarkable because the absolute EMF is not required; only the dif-
ferences in EMF are needed. Therefore, the accuracy of the reference
electrode is rather unimportant,

96

QLLULS WIIELL ULE CONICENLLALIUHT UL LLIE EHLYIIE IS IOWEL LildILLE Sup-
strate. In addition, when the concentration of enzyme is increased
from 7.6 to 11.5U mL~! the reaction rate shows insignificant differ-
ence. This signifies that the reaction rate depends on the substrate
concentration, However, when the concentration of GOx is higher
than 76 UmL~"!, the precision of the reaction rate is aggravated.



Fig. 7. Effect of the volume of AgNPs solution used in the assay.

3.7. Effect of the quantity of AGNPs

Volumes of AgNPs used in the assay can affect the reaction rate.
If the increasing amount of AgNPs causes of the increasing of the
reaction rate, it implies that AgNPs involves in a rate-determining
step. The relation between the amount of AgNPs and the reac-
tion rate is illustrated in Fig. 7. The results show that the reaction
between AgNPs and H,0; is faster than the reaction between the
enzyme and the substrate. Therefore, AgNPs do not involve in the
rate-determining step. However, when the amount of AgNPs is
increased, the reaction rates seem to decrease slightly. Higher vol-
ume of AgNPs added results in higher concentration of free Ag* that
can inhibit enzyme activity. However, residual Ag* in 10-20 pL of
AgNPs shows no significant inhibition to the enzyme. Therefore,
20 pL of 1000 ppm AgNPs were used in further experiments.

3.8. Glucose calibration curve

All optimized parameters mentioned previously are applied in
order to make a glucose calibration curve. Glucose concentrations
are varied from 3 x 10~5 to 3 x 10-2 M and the reaction rate is mon-
itored at different concentration change. Fig. 8a shows that the rate
of the EMF change (reaction rate) depends on the glucose con-
centration. The glucose calibration curve is illustrated in Fig. 8b.
When the concentration of glucose changes, the reaction rate also
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concentration in many detecting environments especially in dia-
betic serum. In addition, the lower detection limit of this sensor,
obtained from the lowest glucose concentration that can give the
EMF change after reacting with GOXx, is 1.0 x 107> M.

3.9. Study of interferences

The selectivity of a glucose biosensor depends on two major fac-
tors: the enzyme-substrate reaction and selective measurements.
The enzyme-substrate reaction is very specific due to the nature
of enzyme functionality. Glucose oxidase can only react with 3-
p-glucose without interfering from other types of sugars. Possible
interferences in glucose determination such as urea (a protein
metabolite), glycine, fructose and sucrose are tested in our mea-
suring system. The results are shown in Fig. 9. The EMF does not
significantly change upon addition of interferences. Therefore, the
tested chemicals cannot meddle the measuring system. Further-
more after glucose is added, the EMF increases with the same
behavior when compared to the system with no interferences.

However, our new method may have some drawback in the
presence of possible interferences such as a reducing agent, for
example ascorbic acid that can convert Ag* to Ag”. Moreover, chelat-
ing agents that possibly present in the real sample can also reduce
the activity of free Ag*.

3.10. Repeatability, sensor-to-sensor reproducibility and analysis
of real sumples



Sample no. Glucose added Glucose found Recovery R.S.D.
(wmol) (wmol?) (%) (%)
1 0 1.05 + 0.09 = =
3 4.01 £0.19 98 6
2 0 1.56 + 0.17 - -
3 446 + 0.26 97 9
3 0 299 + 0.14 = =
10 12.5 £ 0.80 96 8

¢ in 10 mL solution.

the reproducibility of the method. The repeatability of our proposed
method can be evaluated by measuring the reaction rate of 1 mM
glucose repeatedly with the same electrode. Reaction rates of each
measuring experiments have showed that the Ag-ISE can be used
several times with the relative standard deviation (R.S.D.) less than
7%. Moreover, we also evaluate sensor-to-sensor reproducibility by
measuring three replicates of 1 mM glucose by using five different
electrodes. The results in Fig. 10 show that the maximum of reaction
rates obtained from different electrodes are not significantly differ-
ent. Therefore, the proposed method in detecting glucose is reliable.

Glucose concentration in beverages is then measured by the
proposed method, and results are shown in Table 1. The recov-
ery of the spike samples is higher than 96% with good precision
(R.S.D. < 10%). Our concept thus gives good analytical characteris-
tics of glucose detection and can be used for development of future
glucose biosensors,

4. Concluding remarks

We have demonstrated the use of silver nanoparticles as metal
marker in our Ag-ISE glucose biosensor. The fabricated Ag-1SE
remarkably combines two specificities in glucose detection: the
enzyme-substrate reaction of GOx and glucose and the selective
detection of Ag*. The optimum solution pH was 6.0 in 10 mM mag-
nesium acetate buffer. The suitable enzyme concentration used was

TR Tl =1 and tha snneancivbe unliima of Ao nanasarcticla cadav
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