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ENGLISH ABSTRACT 

# # 5173904923 : MAJOR MATERIALS SCIENCE 
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THEIR APPLICATION IN HERBICIDE DETECTION. ADVISOR: ASSOC. PROF. VIMOLVAN PIMPAN, 
Ph.D., CO-ADVISOR: ASST. PROF. MANTANA OPAPRAKASIT, Ph.D., 165 pp. 

In this research, silver nanoparticles were synthesized by exposing the mixture of silver nitrate 
and stabilizer solutions to 8 watts of UV-irradiation for one hour. Five stabilizers including tannic acid 
(TA), poly(methacrylic acid, sodium salt) (PMA), carboxymethyl cellulose sodium salt (CMC), chitosan (CS) 
and humic acid sodium salt (HA) were used. Initial pH of the stabilizer solution was varied from 5.0, 6.0, 
7.0, 8.0 to 9.0 and the molar ratio of stabilizer to silver ions (MR) was varied from 10:1, 1:1 to 1:10 in 
order to study the effects of these parameters on the synthesis process. 

The results showed that all five stabilizers acted as reducing agents and UV irradiation assisted 
the reduction process. All TEM images showed that the sizes of all synthesized particles were less than 
50 nm. They exhibited the characteristic peaks of UV-Vis absorption in the wavelength of 350-430 nm 
depending on the type, the amount and the pH of the stabilizer. The synthesized silver nanoparticles 
colloids mostly had yellow color with spherical particles. However, the colloids of silver nanoparticles 
synthesized using CS at MR of 1:10 with pH of 5.0 and using PMA at MR of 1:10 with pH of 6.0 exhibited 
purple color with spherical and rod-like particles. In addition, the mixture of the particles having 
spherical and trigonal shapes was found in the colloids of CMC-stabilized silver nanoparticles 
synthesized using MR of 1:10. The suitable conditions for synthesizing the silver nanoparticles based on 
their stability after one month storage and their characteristics of being silver nanoparticles such as color 
and size were at pH of 6.0 when TA was used as a stabilizer at MR of 1:1 and at pH of 6.0 when PMA was 
used as a stabilizer at MR of 1:10. 

Finally, the ability for herbicide detection of the synthesized silver nanoparticles was 
investigated. The silver nanoparticles that exhibited highest sensing abilities to pyrazosulfuron-ethyl and 
paraquat herbicides were the samples synthesized in the presence of TA with MR of 1:1 at pH of 6.0 and 
the sample synthesized in the presence of PMA with MR of 1:10 at pH of 6.0, respectively.  
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CHAPTER I  
INTRODUCTION 

 Recently, the development of silver nanoparticles is widely interested since 
they can be used in many applications such as optics, optoelectrics, antibacterial 
materials, and chemical/biochemical sensors. This is because of their unique optical 
characteristics, electrical and chemical properties as well as antibacterial ability. 
These advantageous characteristics and properties come from their very small sizes 
which are in the range of 1-100 nm and depend on their particles size, shape, inter-
particle spacing and the dielectric constant of their surroundings.  

The synthesis of silver nanoparticles plays an important role to their 
properties. Many synthesizing methods have been studied. Most of the conventional 
methods use the reducing agents such as sodium citrate, citric acid, ascorbic acid and 
sodium borohydride in conjunction with a stabilizer. The selection of a stabilizer is 
also important. When silver nanoparticles are applied as chemical sensors,  
the strategies are based on the changes in dielectric constant of the surroundings by 
varying the solution medium. This can change the size of the nanoparticles which 
results in changing color of the solution. This phenomenon can be developed by 
using a stabilizer which contains oxygen-rich functional groups such as carbonyl, 
carboxylic and hydroxyl groups in order to make the nanoparticles sensitive to ionic 
strength of the targeting chemicals [1].  

However, there are some concerns about the chemical reduction method 
such as the difficulty in removing unreacted reducing agent and/or stabilizer which 
can affect the characteristics and properties of the resulting silver nanoparticles. 
Therefore, it is better to use fewer chemicals in order to minimize this problem. 
Instead of using a reducing agent and a stabilizer, several chemicals that can act as 
both reducing agent and stabilizer have been employed. In order to promote the 
reduction of silver ions by these chemicals, many techniques such as thermal 
assisted [2], microwave assisted [3] and UV radiation assisted methods [4, 5] have 
been developed. Since thermal assisted method has a problem concerning  
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non-uniform heat distribution [3] and microwave assisted method is not suitable for 
controlling the size of silver nanoparticles when some type of stabilizer is used [3, 6], 
UV radiation assisted method is selected for this research. 

In this research, silver nanoparticles are synthesized using UV irradiation in  
the presence of a stabilizer that potentially acts as a reducing agent in order to 
reduce the amount and/or type of the chemicals used in the synthesis of  
silver nanoparticles. Five chemicals including tannic acid, poly(methacrylic acid, 
sodium salt), carboxymethyl cellulose, sodium salt, chitosan and humic acid sodium 
salt are chosen because they contain a lot of oxygen-rich functional groups and have 
highly steric structures that can help stabilizing the nanoparticles and may promote 
sensing ability of the nanoparticles. Previous works usually reported the synthesis 
and the application of silver nanoparticles at specific conditions [1-4], but in this 
research, the molar ratio of the stabilizer to silver ions and pH of the system are 
varied in order to determine the optimum conditions for synthesizing  
silver nanoparticles and making them stable. In addition, varying pH of the system 
can increase the opportunity to use the silver nanoparticles for herbicide sensing 
application. This is because each herbicide has its own characteristics and properties. 
For example, some herbicides only dissolve in acidic condition; consequently,  
for detecting these herbicides, silver nanoparticles have to be in acidic condition.  

Therefore, the objectives of this research are summarized as follows: 
1. To synthesize silver nanoparticles using UV irradiation in the presence of  

a stabilizer  
2. To study the effects of the type and the amount of stabilizers and pH of  

the solution on the characteristics and stability of the synthesized  
silver nanoparticles. 

   3. To study the ability for herbicide detection of the synthesized  
silver nanoparticles. 
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CHAPTER II   
THEORY AND LITERATURE REVIEW 

2.1 Silver nanoparticles  

2.1.1 Definition and properties of nanoparticles 

Nanoparticles are very small particles which have the diameters in the range of  

1-100 nanometers.  Their size-related characteristics and properties such as chemical, 

optical and electrical properties are greatly different from those of their bulk 

materials.   

For example, the colloids or sols of silver nanoparticles are in yellow color and those 

of gold nanoparticles normally appears in red or purple color  [7]. These optical 

characteristics of silver and gold nanoparticles are affected by localized surface 

plasmon absorption (LSPR). LSPR is caused by an excitation of the oscillated 

conductive electrons of the metallic nanoparticles which is induced by the incident 

light as shown in Figure 2.1. The light causes the electrons of the nanoparticles to 

delocalize and then form the electrical field opposite to the light wave. At specific 

frequencies, the electron oscillation is in resonance with the light wave.  

This phenomenon is called LSPR [8, 9].   

The position, shape and intensity of the LSPR are the functions of several 

factors including the morphology, the dielectric constant of the surrounding medium 

as well as inter-particles coupling [10].  Figure 2.2 shows the absorption spectra 

obtained from various shapes of the silver nanoparticles [11]. However, this 

phenomenon is observed when nanoparticles size is larger than a few ten 

nanometers [10, 12-15]. Typical shapes of the silver nanoparticles are sphere, square, 

rod, and polygonal which can be varied by the synthesis methods.  Spherical shape 

is most typically shape, normally obtained via fast reduction methods using strong 
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reducing agents  such as sodium borohydride [1, 14, 16] or using microwave-assisted 

reduction [3, 6]. Polygonal, square and rod are usually synthesized by two-steps 

method or using weaker reducing agents or others techniques. Tian X. and  

coworkers [17] used two-steps method to synthesize polygonal silver nanoparticles 

by seeding with sodium borohydride at first, followed by seed mediated step 

involving the reduction of silver ions with tannin. Pal S. and coworkers [18] 

synthesized rod-like shape silver nanoparticles by seeding with sodium borohydride, 

and then mediated with sodium citrate. Sun Y. and coworker [19] synthesized single 

crystal cube silver nanoparticles by reducing silver nitrate with ethylene glycol at 

160°C in the presence of poly(vinyl pyrolidone). Moreover, Lee, G.P. and coworkers  

[20] reported the shapes of the citrate-mediated silver nanoparticles were varied 

from spherical, hexagonal to triangonal shapes. 

 

 

 
 

Figure 2.1 Schematic of a localized surface plasmon of a metal sphere [9] 
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Figure 2.2  Absorption spectra of the silver nanoparticles having different shapes:  

(a) sphere, (b) cube, (c) tetrahedron, (d) triangular plate and  
(f) rectangular bar [11]  
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2.1.2 Synthesis methods 

One of the important concerns in the development of silver nanoparticles is to 

synthesize the uniform nanoparticles with a well-controlled mean size and narrow 

size distribution. In most cases, the system for fabricating silver nanoparticles consists 

of a silver salt precursor, a reducing agent, and a stabilizer. Silver nitrate is usually 

applied as a salt precursor. The reduction of silver ions to silver nanoparticles can be 

done using wide variety of methods such as chemical reduction, irradiation assisted 

reduction, thermal assisted reduction and microwave assisted reduction. 

 

2.1.2.1 Chemical reduction 

Reduction of silver ions by using a reducing agent is the most widely used 

method for synthesizing silver nanoparticles.  Several reducing agents such as sodium 

citrate or citric acid [15], ascorbic acid [21],  and  sodium borohydride [1, 22, 23] have 

been employed. The most powerful reducing agent is sodium borohydride. It mostly 

yields silver nanoparticles having diameter smaller than 10 nm. While more 

controllable size of silver nanoparticles is obtained when ascorbic acid and citric acid 

are used [15, 21], the reduction with borohydride gives more uniform nanoparticles.  

Solomon D.S. and coworkers [7] synthesized silver nanoparticles by using 

sodium borohydride as both reducing agent and stabilizer. They revealed that  

the sodium borohydride solution turned yellow right after adding silver nitrate 

solution into it. They proposed the reduction reaction of the silver nitrate as shown 

in eq. 2.1 and proposed the illustration of how silver nanoparticles were kept in  

the suspension as shown in Figure 2.3. The diameter of the obtained silver 

nanoparticles was about 10-14 nm.  

 

      AgNO3  +  NaBH4                Ag   +    
 
 H2  +   

 
 B2H6  +  NaNO3   …………(eq. 2.1) 
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Figure 2.3 Illustration of repulsive force separated silver nanoparticles by  

the adsorbed borohydride [7] 
 

Dubas S.T. and Pimpan V. [1] suggested a schematic reaction of silver ions 

reduced by sodium borohydride in the presence of humic acid acting as a stabilizer 

as shown in Figure 2.4. They also revealed that humic acid had chelating potential to 

metallic ions.  The interaction between humic acid and silver ions was explained by 

high content of nitrogen and oxygen which were electron donors.  As soon as sodium 

borohydride was added, the solution turned yellow.  This confirmed the formation of 

silver nanoparticles. The size of the silver nanoparticles was 5 nm in diameter. 

 

 

Figure 2.4 Schematic reaction of silver ions reduced by sodium borohydride in  
the presence of humic acid [1] 
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These reports indicate that very small silver nanoparticles can be obtained due 

to the high reactivity of sodium borohydride since it induces fast nucleation process 

right after it is introduced to the system. Unfortunately, fast nucleation process is less 

effective when the size of the nanoparticles is concerned.  Reaction parameters such 

as molar ratio of the reducing agent to silver precursor, pH or temperature can be 

used for making silver nanoparticles with desired particle size.  

Huang T. and coworker [14] developed a rapid simple one-pot synthesis 

method to produce twelve colloidal silver nanoparticles that exhibited the rainbow 

color, using sodium citrate as a stabilizer, poly(vinyl pyrolidone) for controlling  

the shape of particles and sodium borohydride as a reducing agent. By varying 

sodium borohydride concentration, the amount of nucleation increased and this can 

be used to control size and shape of the silver nanoparticles. 

However, there are some concerns about unreacted reducing agent which 

remains in the system and cannot be easily removed. Oliveira J. F. and coworker [24] 

revealed that excess of sodium borohydride after synthesis competed with citrate  

(as a capping agent) and caused the aggregation of silver nanoparticles.  

Therefore, it is better to use less reducing agent or avoid using them. Other methods 

to synthesize silver nanoparticles have been developed by using some chemicals 

that can act as both reducing agent and stabilizer with or without the assistance of 

other input energy depending on the reactivity of such chemicals.   
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2.1.2.2 Irradiation assisted method  

To reduce the amount and/or type of chemicals in the synthesis of  

silver nanoparticles, UV radiation and -ray radiation are some of the radiations 

applied for assisting the reduction of silver ions. 

Dubas S.T. and Pimpan V. [4] exposed the mixture of silver nitrate and 

poly(methacrylic acid), (PMA) to UV radiation. Their results show that the color of  

PMA-stabilized silver nanoparticles synthesized from this method was purple which 

was different from yellow color of PMA-stabilized silver nanoparticles produced by 

chemicals reduction with sodium borohydride. They explained that it was due to  

the incomplete reduction of the silver ions which perturbed to the dielectric of  

the surroundings causing the change in the color of silver nanoparticles colloid. 

Spadaro D. and coworkers [5] used UV radiation to enhance the chemical 

process in the synthesis of silver nanoparticles. They revealed that varying UV lamp 

power affected the reaction mechanisms. PMA-Ag+ co-ordination or PMA 

polymerization occurred can obstruct the formation of nanoparticles nucleation and 

growth. They reported that using lower energy of radiation slowed down PMA 

polymerization resulting in more space to the natural metal-ligand co-ordination 

which made the growth of the nanoparticles to be easier. 

Other studies on the irradiation assisted reduction of silver ions in chitosan 

solutions were also reported [25, 26]. It was found that the UV-radiated products 

exhibited intense yellow color than those synthesized with less amount of silver 

nitrate solution. The color intensity increased as a function of silver nitrate content 

and -ray irradiation dose. The hydrated electron generated by water radiolysis  

(eq. 2.2) can reduce silver ions to silver atom (eq. 2.3) [26]. The neutral silver atom 

reacts with silver ion to form relative stabilized silver clusters as shown in eq. 2.4, 2.5 

and 2.6 [27, 28]. 
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Previous studies on -ray irradiation method done by Yoksan, R., Chen, P. and 

Janata, E. revealed the reduction mechanism of silver ions [25-28]. The irradiation–

reduced process can be written as follows:  

n H2O   ɤ-rays     e-
aq  +  H

●  +  OH● + H3O + H2 + …     (eq. 2.2) 
Ag+  +  e-

aq                  
reduction

          Ag0                                       (eq. 2.3) 
Neutral silver atom (Ag0) is found to react with Ag+  to form the stabilized silver 

cluster as shown in eq. 2.4, 2.5, 2.6 [25, 27, 28]  

Ag0   +  Ag+
        

  reduction
           Ag2

+           (eq. 2.4) 

      Ag0   +  Ag+         
reduction

          Ag2
+        (eq. 2.5) 

Ag0    +  Agn
+      

reduction
           Agn

+        (eq. 2.6) 

Though irradiation can assist in the reduction of the silver ions to silver atom 

and formed silver cluster, high energy radiation can result in other unwanted 

reactions such as chain growth or chain scission of the stabilizer.   

Huang L. and coworkers [29] reported the UV-induced synthesis of  
silver nanoparticles in alkali carboxymethylated chitosan solution. The structure of 
carboxymethylated chitosan (CMCTS) is similar to those of an amino acid since 
CMCTS has both amino groups and carboxylic agroups in the molecule. They used 
laser photolysis technique to investigate the formation mechanism of  
silver nanoparticles in CMCTS solution. They reported three main reactions as  
shown below.  

 
 CMCTS  ( CMCTS )* (eq. 2.7) 

 (CMCTS)*  CMCTS+  +  e-
aq (eq. 2.8) 

 CMCTS  +  e-
aq  •CMCTS-   (eq. 2.9) 

 

They also reported that e-
aq produced according to eq. 2.8 was a reducing agent for 

metal cat ions such as Ag+ and Au3+ [29] as given in eq.2.10. 
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 Ag+  +  e-
aq                   

reduction
          Ag0   (eq. 2.10) 

              

Zhai, M. and coworkers [30] studied the formation of hydrate electron by laser 

photolysis of carboxymethylated chitin derivatives in aqueous solution. This work 

also supported that e-
aq was produced from –NHCOCH3 groups of CMCTS under  

the irradiation laser beam [30]. e-
aq  acted as a reducing agent for silver as shown in  

eq. 2.10.  Therefore, CMCTS can be used as both reducing agent and stabilizing agent 

to synthesize silver nanoparticles by UV radiation.  

 Moreover, it was reported that the silver atom formed at the beginning of  
the reduction process had an absorption band at 360 nm [31], then shifted to  
310 nm and 265 nm due to the formation of  Ag2

+ [32]. Oligomeric clusters appeared 
step by step and form stable complexes with CMCTS due to electronic attraction 
between silver cluster and CMCTS. When these complexes were further reduced, 
larger cluster and finally silver nanoparticles occurred [33]. The growth processes of 
the particles are shown in eq. 2.11-2.13. 
 

Ag0    +  Ag+         
reduction

        Ag2
+   (eq. 2.11) 

Ag2
+  + Ag0     reduction      Ag3

+      (eq. 2.12) 

 Ag3
+  + Ag0     reduction      Ag4

+    Agn
+    (eq. 2.13) 

 

2.1.2.3 Thermal assisted method 

To avoid using a reducing agent, researchers have used heat or thermal energy 

to drive the reduction of the silver ions. For example, Akaighe N. and coworker [2] 

synthesized silver nanoparticles via the reduction of silver ions in the presence of 

humic acid at various temperatures. Their results showed that increasing temperature 

reduced the reaction time used to synthesize silver nanoparticles and yielded  

(n-4)Ag0 
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the nanoparticles with narrower size distribution. The characteristic surface plasmon 

resonance (SPR) of silver nanoparticles observed by UV-Vis spectroscopy appeared 

within 2-4 days at 22◦C whereas at 90◦C the SPR appeared within 90 minutes.  

Hebeish, A. A. and coworkers [34] synthesized silver nanoparticles using  

thermal-assisted reduction in the presence of carboxymethyl cellulose.  

They reported that at 50◦C, the reduction of silver was not completed.  

However, increasing the reaction temperature to 70–90◦C resulted in  

the disappearance of the characteristic peak representing silver ions, indicating  

its complete transformation into silver.  

Xue B. and coworkers [35] reported that the thermal-assisted reduction had  

the problem with non-uniform distribution of the heat. Therefore, microwave has 

been used to overcome this weakness since it provides homogeneous heating and 

promotes the nucleation of silver nanoparticles [3].  

 

2.1.2.4 Microwave assisted method 

Due to the advantage of using microwave as previously mentioned, several 

researchers have focused on synthesizing silver nanoparticles using this method.  

For example, Chen J. and coworkers [3] synthesized silver nanoparticles using 

carboxymethyl cellulose salt (CMC) as both reducing and stabilizing agents.  

They proposed that the synthesis of CMC-stabilized silver nanoparticles without 

catalyst or heat, was nearly impossible to achieve. However, using  

microwave-assisted method resulted in uniform and stable nanoparticles. The results 

also suggested that there was not much effect from CMC concentration on  

the nanoparticles size.  

Hu B. and coworkers [6] synthesized silver nanoparticles using microwave 

assisted techniques for 10 second. They used basic amino acids, such as L-lysine or 
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L-arginine, as reducing agents and used soluble starch as a protecting agent.  

They claimed that their method can be applied to large-scale production,  

for example, a reaction yielding 0.1 g of nearly monodisperse silver nanoparticles can 

be performed in a 80 mL microwave sealed vessel.  

Aswathy, B. and coworkers [36] synthesized silver nanoparticles using 

microwave assisted method. They used vanillin as a reducing agent and anionic 

surfactants such as Dioctyl sodium sulfosuccinate (Aerosol OT) and Sodium Dodecyl 

Sulfate as capping agents. UV-Visible absorption spectra showed a broad SPR band 

consisting of two peaks suggesting the formation of silver nanoparticle with bimodal 

size distribution. These results later confirmed by TEM images which showed  

the particles having spherical and hexagonal shapes  

Chen, J. and coworkers [3] synthesized silver nanoparticles using microwave 
assisted method. They used carboxymethyl cellulose sodium salt as both reducing 
agent and stabilizer. The obtained silver nanoparticles showed small size distribution 
and well-stabilized particles with critical size of 15 nm. They also found that 
increasing carboxymethyl cellulose sodium salt had small effect on the size and size 
distribution of the obtained nanoparticles. On the other hand, increasing silver nitrate 
concentration, bigger particles with broader size distribution were obtained. 

By comparison between four different synthesis methods, it can be concluded  
that the reduction by chemical method have been widely used but due to 
environmental concern nowadays, using less reducing agent is more preferable.  
On the other hand, thermal assisted reduction has a problem with non-uniform 
distribution of the heat during synthesis resulting in various sizes of  
silver nanoparticles [3]. Microwave assisted method is not suitable for controlling  
the size of silver nanoparticles when some type of stabilizer is used [3]. From those 
reasons, it can be suggested that the UV irradiation method is considerable good 
synthesis method as it uses less reducing agent.  
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2.1.3 Control of the nanoparticles size 

The control of the size of the obtained silver nanoparticles can be made by 

changing the reaction parameters such as the type of reducing agent, the amount of 

reducing agent or pH. Those parameters affect the nucleation and growth processes 

of the silver nanoparticles.   

Martinez, G. A. and coworkers [37] synthesized silver nanoparticles with 

different sizes using gallic acid as both reducing and stabilizing agents. The results 

showed that 7 and 29 nm silver nanoparticles were obtained with the reaction 

condition at pH 11 and 10, respectively. At these pH values, phenol groups were 

ionized so that the reduction was fast and the particles obtained were spherical.  

Watcharaporn, K. and coworkers [38] studied the effect of UV radiation and pH 

of tannic acid solution in the synthesis of silver nanoparticles. It was found that using  

UV radiation resulted in silver nanoparticles with smaller particles and narrower size 

distribution at every pH (6.0, 7.0 and 8.0). They also revealed that smaller particles 

without agglomeration were obtained with alkali condition.  

Dong X. and coworkers [39] synthesized silver nanoparticles by citrate 

reduction under the range of pH from 5.7 to 11.1. The results showed that under 

high pH, the product was composed of both spherical and rod-like  

silver nanoparticles as a result of the faster reduction rate of the precursor.  

Under low pH, the product was mainly dominated by triangle or polygon  

silver nanoparticles due to the slower reduction rate of the precursor. Moreover, to 

obtain spherical shape nanoparticles, a 2-step reduction method was carried out at 

high and low pH, respectively. According to Lamer model which suggest that to 

obtain spherical shape silver nanoparticles, the synthesis mechanism prefer fast 

nucleation follow with slow growth of the particles [40]. 
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2.2 Stabilizers 

In order to use fewer chemicals with environmental concern, less toxic 

chemicals were more preferable. Moreover, choosing the stabilizer for  

silver nanoparticles is not only aimed for stabilizing the particles against the 

aggregation but also designed for more functions such as reducing the silver ions, as 

well as immobilizing on the surface of nanoparticles for selective detection of 

targeted chemicals. For using silver nanoparticles in detection applications,  

the strategy is based on either the change in dielectric constant of the surrounding 

by changing solution medium or by complex formation at the surface of the particles 

or the change in the distance available between particles.  Consequently, to make it 

easier for capping the nanoparticles and sensing to the change in dielectric constant 

of the surroundings, the stabilizer should have the sensitivity to ionic strength of  

the surroundings which may obtain from functional groups in the molecule such as 

carbonyl group (-C=O), carboxylic group (-COOH) and hydroxyl group (-OH) [1].  

In addition, the molecular structure of a stabilizer should be large or has high steric 

hindrance to prevent the nanoparticles from aggregation.  

In this research, 5 stabilizers were chosen based on their potential to possibly 

act as a reducing agent for synthesizing silver nanoparticles. The selected stabilizers 

were tannic acid, poly(methacrylic acid sodium salt), carboxymethyl cellulose 

sodium salt, chitosan and humic acid sodium salt.    
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2.2.1 Tannic acid 

Tannic acid (TA) has been studied extensively for its antioxidant properties [41],  

and used as a chelating agent for inorganic cations [42]. The molecular structure of  

tannic acid is shown in Figure 2.5. It consists of glucose unit in the middle and linked 

to polygalloyl ester chains with ester bond. TA is a weak acid and known as a weak 

reducing agent that can grow seeds into nanoparticles at room  

temperature [17, 43, 44]. Tannic acid is known to partially hydrolyzed under mild 

acidic or mild alkali conditions into glucose and gallic acid. Although, gallic acid is 

more reactive to reduce silver ions at alkali condition at room temperature,  

the stability of the gallic acid stabilized silver nanoparticles was very poor [37].  

On the other hand, glucose is a weak reducing agent at room temperature but  

it is a good stabilizer at alkali condition [45]. Those findings suggest that tannic acid 

could be acted as an effective reducing agent and stabilizer in alkali condition at 

room temperature.  

 

 
Figure 2.5  The molecular structure of tannic acid  
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As shown in Figure 2.5, TA has 25 hydroxyl groups presenting in the phenolic 

compound position.  At least two hydroxyl groups at ortho or para positions to each 

other give off two electrons oxidation convert from phenolic form to quinone form 

which corresponds for reduction of metal ions later [46]. Consequently, the probable 

reaction mechanism for the formation of silver nanoparticles by TA reduction of 

silver nitrate solution can be represent as shown in Figure 2.6 [47]. 

Yi Z. and coworkers [44] synthesized silver nanoparticles at room temperature 

using various concentrations of TA at pH of 7.0 and reaction time of 5 hours, without 

any irradiation. The size of the obtained silver nanoparticles was in the range of  

50-500 nm. Their morphology was influenced by both the concentrations of TA and 

pH of solution. Some conditions yielded the mixture of spherical and polygonal 

particles. 

 
Figure 2.6 The reaction mechanism of the reduction of a silver ion using tannic acid 

as a reducing agent [47] 
 

Dadosh T. [16] reported his method to synthesize uniform silver nanoparticles 

stabilized with tannic acid.  He used tri-sodium citrate as a reducing agent.  

The synthesis was done in two steps. First, for seeding process, the mixture was 

heated at 60◦C for 3 minutes or until it turned yellow. Then for the growth step,  

reduction 
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the mixture was boiled for 20 minutes, cooled down and stored at 4◦C.  

Uniform nanoparticles having diameters in the range of 18-30 nm were obtained.  

The diameter of the obtained nanoparticles increased with decreasing  

TA concentration. 

Srivaraman S.K. and coworkers [43] synthesized silver nanoparticles at room 

temperature using various concentrations of TA at pH of 8.0. It was found that  

as soon as tannic acid was poured into silver nitrate solution, the mixture turned dark 

brown readily in a few seconds. These confirmed the occurrence of silver 

nanoparticles. The sizes ofthe obtained silver nanoparticles were in the range of  

3-22 nm. The particle size increased with increasing the molar ratio of TA  

to silver nitrate.  

 

2.2.2 Poly(methacrylic acid sodium salt) 

The molecular structure of poly(methacrylic sodium salt) (PMA) is shown in 

Figure 2.7. PMA is soluble in water and dissociated into anionic polyelectrolyte.  

Each molecule contains a lot of –COO- groups, which gives ability to interact to  

silver ions. Previous work showed that PMA has ability to coordinate to the metal 

nanoparticles [48]. In addition, an intrinsic polymer structure and the steric effect of 

the methyl groups leaded to metal clusters linking to the carboxylic parts of  

the macromolecules [49]. Moreover, polymers in solution have been used in order to 

prevent the aggregation of silver nanoparticles due to their strong interactions after 

nucleation [50, 51]. Furthermore, it was accepted that being good reducing agent,  

the chemicals should possess of phenol or aldehyde group as a reactive site.  

Those groups are the electron donor site [52]. In the case of PMA-stabilized  

silver nanoparticles synthesis, it is unclear about the involvement of PMA in  



 

 

19 

the reduction mechanism. However, successful syntheses of silver nanoparticles 

were reported. 

 

 

Figure 2.7 The molecular structure of poly(methacrylic acid sodium salt)   
 

Dubas S.T. and coworker [4] synthesized silver nanoparticles using low power  
UV-radiation (8 watt) assisted method in the presence of PMA solution at  pH of 4.0  
(using acetic-acetate buffer) with the radiation time of 60 minutes. The obtained 
silver nanoparticles showed purple color with the diameter around 8 nm with 
spherical shape.  

Spadaro D. and coworkers [53] synthesized silver nanoparticles using PMA  

as reducing and capping agents with UV radiation assisted method at pH of 8.5.  

They suggest two steps processed in order to control the size distribution of  

the particles. First step promoted quick reduction of silver ions with nanoparticles 

nucleation through relatively low energy UV irradiation (6 watt) for one hour.  

Second step used UV irradiation at higher energy density (25 watt) for 5 hours in 

order to allow quick cross-linking of PMA which freezed out any further modification 

of silver nanoparticles distribution. This method made nanoparticles more stable and 

allows narrower size distribution of nanoparticles with the diameter less than 10 nm. 

The obtained silver nanoparticles of the first step, yields yellow color sol.  

Without the second step, the result shows more agglomeration. However, this 

method took about 6 hours to synthesize silver nanoparticles which could be 

improved for shorter reaction time.  



 

 

20 

2.2.3 Carboxymethyl cellulose sodium salt 

Carboxymethyl cellulose or cellulose gum is an artificial-nature polymer 

derived from cellulose. Carboxymethyl celluylose is a copolymer of two units:  

ß-D-glucose and D-glucopyranose 6-O-(carboxymethyl)-monosodium salt which are 

connected via ß-1,4-glycosidic bonds [54]. Normally it is used in the form of 

carboxymethyl celluylose sodium salt (CMC) as shown in Figure 2.8. CMC is an 

anionic polysaccharide that comes from cellulose. It is a salt of strong acid and weak 

base which has pKa around 4.0 [3]. The negatively charged solubilized CMC facilitates 

the attraction of the positively charged metal ions to its polymeric chains followed 

by reduction with the existing reducing groups [34]. 

CMC is used in thickener in food industry and also used in non-food products 

such as toothpaste, water-based paint, textiles sizing, etc. Moreover, CMC can be 

used as cation-exchange resin in ion-exchange chromatograph for purification 

proteins [55].  
 

 
Figure 2.8  The molecular structure of carboxymethyl cellulose sodium salt 
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Chen J. and coworker [3] synthesized silver nanoparticles using CMC as both 

reducing agent and stabilizer with microwave assisted method. Their results showed 

that the concentration of CMC had very small effect on the size distribution, whereas 

high concentration of AgNO3 resulted in bigger particle and broaden size distribution. 

Hebeish, A. A. and coworkers [34] synthesized silver nanoparticles using CMC as 

both reducing agent and stabilizer with thermal assisted method (70 ◦C) for 1 hour. 
By varying pH from 6.0 to 12.5, the results showed that the UV-Vis absorbance 
maximum peak appeared around 405 nm, but shifted to higher wavelength as pH 
condition decreased. While varying CMC concentration (0.3-1.5 %w/v), at pH of 12.5 

and temperature of 70 ◦C for 1 hour, the results showed that, similar plasmon bands 
were formed at 405 nm. Their absorbance intensities gradually increased when CMC 
concentration increased. They reported that CMC consists of modified cellulose 
chains containing reducing groups of carboxylate groups. The negatively charge 
solubilizes CMC and provides attraction to the silver cations followed by reduction 
with the existing reducing groups [34] However, they did not mention specifically for 
their reducing groups or the reducing mechanism. 

 
2.2.4 Chitosan 

Chitosan (CS) the second most abundant polysaccharide biopolymer obtained  

by deacetylation of the highly abundant biopolymer chitin. Typically chitin,  

has the degree of acetylation (DA) of 0.90, this indicates the presence of amino 

groups (as some amount of deacetylation) might take place during extraction,  

chitin may also consist of 5-15% amino groups [56]. CS consists of glucosamine and  

N-acetyl glucosamine units linked together by ß-1,4-glucosidic bonds with a typical  

DA of  less than 0.35 as shown in Figure 2.9 [57]. The physical properties of  

CS depend on a number of parameters such as molecular weight  

(from approximately 10,000 to 1 million Dalton), degree of deacetylation (DD) in 
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range of 50-95%, sequence of the amino and the acetamido groups and the purity  

of the product [58, 59]. 

 

 
Figure 2.9  The molecular structure of chitosan 

 
In last ten years, the used of biopolymers in research has been started more 

intensive due to their advantages such as non-toxic, environmental friendly, 

renewability of sources and also abundant in nature. Moreover, biopolymers are 

used in a variety of applications in biotechnology and in environment protection due 

to their biocompatibility and biodegradability. In research involving silver-chitosan 

nanocomposite, silver nanoparticles were synthesized via various methods using 

chitosan as a stabilizer [60-62].  

Yoksan, R. and coworker [25] synthesized silver nanoparticles by using CS as  

a stabilizer with -ray irradiation assisted method at room temperature. The obtained 

nanoparticles were spherical with an average size of 7- 30 nm. However, the UV-Vis 

spectra shows broaded distribution curve, and TEM images also confirmed that the 

obtained silver nanoparticles were varied in sizes. The nanoparticles size synthesized 

with 0.1 %w/v CS is smaller than the results from 0.5 %w/v CS.  
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However, the nanoparticles synthesized in 0.5% w/v CS solution stable  

more than 3 months, whereas the other precipitated out within a few weeks.  

Bozanic, D. K. and coworkers [60] synthesized silver nanoparticles stabilized 

with CS with two step process. First, silver-CS complex were prepared by mixing  

CS solution with silver nitrate solution for 6 hours at room temperature.  

Then silver-CS nanocomposites were prepared by using D-glucose as the reducing 

agent mixed with the silver-CS complex solution, stirred for 30 min., then thermally 

treated in microwave at 750 watt for 30 seconds. Upon second step process,  

the mixture rapidly changes color from purple to yellow. The obtained nanoparticles 

were found in spherical shape and approximately 10 nm in diameter. 

Huang, H. and coworkers [62] synthesize silver nanoparticles stabilized with CS 

using sodium borohydride as a reducing agent in the presence of chitosan.  

They reported that when silver ions were mixed with chitosan solution, those  

silver ions could be attracted to chitosan molecules via electrostatic interactions at 

electron rich hydroxyl and ether groups.  Silver nanoparticles were formed by  

the reduction of silver ions with sodium borohydride. The results showed that it is 

possible to control the size and size distribution by adjusting the amount of  

silver ions rather than the amount of chitosan in solution. 

Yi, H. and coworkers [63] reviewed about the biofabriction with chitosan. 

Although chitin is insoluble in most organic solvents, CS is soluble in dilute acidic 

solutions below pH of 6.0. Since CS is considered a strong base as it has  

primary amino groups with a pKa near neutrality, the soluble-insoluble transition 

occurs at pH around 6.3 [63].  At low pH, the amine groups are protonated into -NH3
+ 

form, and this make CS being water-soluble cationic polyelectrolyte. This cationic 

polyelectrolyte should be good for stabilizing the particles because those cations do 

not form a complex with silver ions left in the mixture.  
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2.2.5 Humic acid 

Humic acid (HA) is organic macromolecule which results from microbiological 

decomposition of plants and animals. Chemical structure of HA is shown in  

Figure 2.10. It is natural anionic polyelectrolyte, due to the polar functional groups 

such as phenolic–hydroxyl groups, quinones, hydroxyls, carbohydrates sub-unit and 

the presence of carboxylic acids [64]. Those functional groups influence  

the interaction with metals ions which lead to the formation of self-assemble 

structures [65]. Moreover, the reduction potential of HA can be enhanced with  

pH condition [66]. The phenolic–hydroxyl groups and quinones functional groups 

could serve as reduction sites for metal ions. 

 

 
Figure 2.10  The molecular structure of humic acid 

 
Dubas, S.T. and coworker [1] synthesized silver nanoparticles by using HA  

as a stabilizer with sodium borohydride as a reducing agent at room temperature.  

The results showed that with increasing HA from 0.001 to 0.1 %wt and fixed silver 

nitrate content at 0.01 %wt, the UV-Vis spectra exhibited maximum peaks at 

wavelength around 400 nm. The plasmon band shifted to higher wavelength as  

the amount of humic acid increased. 
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Peter, K. J. Prashob and coworkers [64] synthesized silver nanoparticles by using 

HA as a stabilizer with thermal assisted method. The mixture were heated in an air 

oven at 85-90 ◦C while maintaining pH at 11.5 and reduction time varied from  

15 minutes to 1 hour depending on the silver nitrate concentration.  UV-Vis spectra 

show maximum peaks at 412 nm, as HA concentration increased, the results show 

another peak around 320 and 370 nm. TEM images showed the obtained  

silver nanoparticles with various sizes. 

 
2.3 Applications of silver nanoparticles  

Silver nanoparticles have been used widely in variety applications due to  

their unique characteristics and properties such as antibacterial, electrical and  

optical properties. The applications based on each property can be summarized  

as follows: 

 

2.3.1 Herbicide detection 

The most common method to detect herbicide which has low volatility and 

thermal instability is high performance liquid chromatograph (HPLC) method.  

This technique is based on solvent extraction method. It requires a period of time to 

extract the chemicals and costly in solvent preparation. Moreover, it requires HPLC 

instrument, which is not convenient for onsite analysis. Alternative analysis is to use 

nanoparticles as previously reported by Dubas S.T. and coworker [1]. It is known that 

LSPR of nanoparticles can be shifted to the other wavelengths when the size or 

shape of the nanoparticles and/or the surroundings are changed. Using this 

advantage, the detection of the target chemicals such as the following herbicides  

is possible.  
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2.3.1.1 Pyrazosulfuron-ethyl herbicide  

Pyrazosulfuron-ethyl herbicide (PSE) was chosen as a targeting herbicide.  

It’s chemical structure is shown in Figure 2.11.  

 

Figure 2.11 Molecular structure of pyrazosulfuron-ethyl 
 

 PSE or (ethyl-5-[(4,6-dimethoxypyrimidin-2-ylcarbamoyl) sulfamoyl]  

-1-thylpyrazole-4-carboxylate) is a herbicide in the class of sulfonylurea. It is used 

widely for weed control in variety of crops and vegetables including wheat, barley, 

rice, maize, soybeans, flax, plantation crops, blueberries, potatoes and tomatoes [27]. 

It is active to annual broad leaf weeds and barnyard grass.  Due to its high activity at 

low application rate and low toxicity to mammal, it becomes more popular, 

nowadays [67].  It has very low solubility in water; 9.76 mg/l at 20°C, but solubility in 

acetone is 33.7 g/l at 20°C [68] . Sulfonylureas are weak acids. And they are 

subjected to pH dependent hydrolysis of sulfonylurea linkage. The rate of hydrolysis 

can be hundreds of times faster under acidic conditions [27].  In this study,  

PSE solution was prepared in acetone solution.    
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2.3.1.2 Paraquat.  

Paraquat (PQ) or (1,1’-Dimethyl-4,4’-bipyridinium dichloride) is classified as a 

viologen, a family of redox-active heterocycles or similar structure as shown in  

Figure 2.12.  

 

 

Figure 2.12 Molecular structure of paraquat 
 

PQ is one of the most widely used herbicides. It is non-selective killing green 

plant tissues on contact.  It is toxic to animals and human.  Previous research 

reported that it also links to Parkinson’s disease [69] .   It has high solubility in water.  

From its structure, it is an electron acceptor in redox and radical reactions. 

 

2.3.2 Other applications  

Silver nanoparticles have been used extensively as anti-bacteria products,  

food containers, textile finishing and environmental applications. This encouraged  

the textile industry to use silver nanoparticles in different textile fabrics. The cotton 

fibers were applied with silver nanoparticles exhibited high anti-bacterial activity 

against Escherichia coli [70, 71]. Anti-bacteria textile fabrics were easily achieved 

using nanosized colloidal silver particles (2-5nm) by padding on cotton and polyester 

fabrics. These fabrics showed fastness properties to laundering against S. aureus and 

K. pneumonia [72]. Moreover polyester nonwovens were applied with 10 ppm 

colloidal silver particles (means diameter of 2-5 nm) . It was shown that a smaller 

particles size yielded better bateriostasis on the silver particles padded on nonwoven 

fabrics [73]. An anti-bacteria water filter was studied by coated silver nanoparticles 

N N CH3

Cl-

H3C

Cl-
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onto polyurethane foams. This foam can be washed several times without loss of 

nanoparticles. It showed that the filtered water had no bacterium (E.coli) although 

the input water had a bacteria input loaded [74].  

Furthermore, the thermal properties of silver nanoparticles were applied for 

conductive ink. The thermal behavior of the ink-jet printed conductive films 

composed of Ag particles was investigated. The use of the metallic nanoparticles 

allows the formation of the highly conductive patterns by ink-jet printing followed by 

heat-treatment at temperatures much lower than the bulk melting temperature [75]. 

Moreover, the electrochemical properties of silver nanoparticles were applied for 

nanoscale sensors which offered fast respond times and lower detection limits.  

The silver nanoparticles were electrodeposited onto suitable substrates with gold 

interdigital electrodes realizing amperometric sensors that showed a high sensitivity 

to hydrogen peroxide [76].  

Catalytic activities of nanoparticles differ from the chemical properties of their 

bulk materials. For instance, Kohler and coworkers [77] revealed that the bleaching 

of the organic dyes by potassium peroxodisulphate in aqueous solution at room 

temperature was enhanced by silver nanoparticles. Furthermore, silver nanoparticles 

were used to catalyze the chemiluminescence from lumino-hydrogen peroxide 

system with catalytic activity better than gold (Au) and platinum (Pt) colloids. 

However, several types of sensors have been developed based on of  

the plasmonic properties of silver nanoparticles, for instance, extremely high molar 

extinction coefficients and enhanced local inherent electromagnetic fields near the 

surface of nanoparticles on the others. These properties are inherent to a given 

detection mechanism and a given detection technique, which can classified this 

sensor behavior in two main groups depends on the type of interaction between the 

nanoparticles and the analyze molecule and method of evaluated. The first group 

concerns sensors with LSPR shift, due to the interaction between nanoparticle and 
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target molecule. Within this group, two different sensors may be distinguished, 

depending on the origin of LSPR changes: aggregation sensor and refractive index 

sensors. For aggregation sensors, the LSPR shift occurs due to the plasmon coupling 

of nanoparticles. For refractive index sensors, the LSPR shift occurs due to change in 

local refractive index of medium [78]. The second group of sensors is based on the 

electromagnetic field enhancement of metal nanoparticle, which called surface 

enhanced spectroscopies, such as Surface Enhanced Raman Spectroscopy (SERS) and 

Metal Enhance Fluorescence (MEF). This classification of plasmonic sensors are 

summarized in Table 2.1 [78]. 

 
Table 2.1 Optical plasmonic sensors [78] 

 
However, in the application for chemical detection of the silver nanoparticles 

for this work, the aggregation sensor was interested and the following were previous 

works on chemical sensing of the silver nanoparticles. The aggregation sensors can be 

achieved by functionalizing the nanoparticles surface with ligands that can specific 

binding with the target molecules [78]. 

Sensor Mechanism Evaluated technique 

Aggregation 

LSPR shift 

Near field 

electromagnetic 

coupling 

UV-Vis spectroscopy 

Refractive index Local refractive 

index changes 

UV-Vis spectroscopy 

Dark field microscopy 

SERS Local electricfield 

enhancement 

Raman Spectroscopy 

MEF Fluorescence spectroscopy 
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From Table 2.1, it implies that for aggregation mechamism, the nanoparticles 

normally grow bigger by the aggregation after interacting with the target chemicals. 

The size of the silver nanoparticles should be small at the beginning in order to get 

the unique optical characteristics of silver nanoparticles after modified with target 

chemicals. Moreover, it is known that the smaller particles the more reactivity 

particles are. 

Furthermore, Hormozi Nezhad, M. R. and coworkers [79] reported the simple 

one-pot synthesis process of silver nanoparticles in the presence of PVP as a 

stabilizing agent which produced silver nanoparticles that can detect Dopamine,  

L-Dopa and adrenaline (called as catecholamines). They are biogenic amines which 

act as neurotransmitters in the function of brain and nerve signal transduction or 

hormones. They are widely used in treatment of Parkinson’s disease, hypertension 

and cardiac surgery [80]. To diagnostics of diseases and control medicine,  

the catecholamine level in biological fluids was measured. In recent years,  

many methods have been reported to determination of catecholamine, such as 

electrochemistry, high performance liquid chromatography (HPLC) and mass 

spectrometry [79]. In their studied, the system consisted of silver nitrate (AgNO3) 

solution, which included PVP as stabilizer, in alkali condition. Different 

catecholamines such as Dopamine (1), L-Dopa (2) and Adrenaline (3) act as reducing 

agents for reduction of silver ions to form silver nanoparticles as shown in  

Figure 2.13. Molecular structures of the catecholaines were shown in Figure 2.14.  
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Figure 2.13 Schematic of the reduction process of silver ions by dopamine [79] 
 
 

 
Figure 2.14 Molecular structure of Dopamine, L-Dopa and Adrenaline [79] 
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CHAPTER III  
EXPERIMENT 

3.1 The experimental scope 

This research was divided into two parts as shown in Figure 3.1. The first part 

was the synthesis of silver nanoparticles. The second part was the characterization 

and testing of silver nanoparticles.   

 
Figure 3.1 The experimental scope 
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3.2 Materials 

In this research, all chemicals as listed in Table 3.1 were used without any 

further purification.  

Table 3.1 Chemicals used in this research 

 

No. Chemicals Grade Manufacturer 

1. 
 

Acetic acid; Mw= 60.05 g/mol 
Analytical 
reagent 

Merck 

2. Acetone; Mw= 58.05 g/mol 
Analytical 
reagent 

RCI Labscan 

3. 
Carboxymethyl cellulose sodium salt; 
Mw= 90,000 

Analytical 
reagent 

Fluka 

4. Chitosan; Mw= 80,000 g/mol, DD = 90% 
Analytical 
reagent 

Seafresh Ltd., 
Thailand 

5. 
Humic acid sodium salt;  
Mw=124,758 g/mol 

Analytical 
reagent 

Sigma-Aldrich 

6. Paraquat herbicide; 27.6%  
Commercial 
grade 

Syngeta 

7. 
Poly (methacrylic acid, sodium salt) 30%, 
Mw= 9,500 g/mol 

Analytical 
reagent 

Sigma-Aldrich 

8. Potassium carbonate; Mw= 138.205 g/mol 
Analytical 
reagent 

Ajak 

9. Pyrazosulfuron-ethyl herbicide; 10% 
Commercial 
grade 

Sotus 
International 
Ltd. 

10. Sodium acetate; Mw= 136.08 g/mol 
Analytical 
reagent 

Ajak 

11. Silver nitrate; Mw= 169.08 g/mol 
Analytical 
reagent 

Merck 

12. Sulfuric acid; Mw= 98.079 g/mol 
Analytical 
reagent 

Merck 

13. Tannic acid; Mw= 1701.20 g/mol 
Analytical 
reagent 

Sigma-Aldrich 
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3.3 Instruments 

Table 3.2 shows the list of the instruments used in this research. 

 Table 3.2 Instruments used in this research 

 
 

3.4 Synthesis of silver nanoparticles  

The effects of three reaction parameters on the synthesis of  

silver nanoparticles were investigated.  These parameters included the type of  

the stabilizer, the initial pH condition of the stabilizer solution and the molar of  

the stabilizer to silver ions.  

 
3.4.1 Determination of the UV lamp power for the synthesis of silver 

nanoparticles 

In order to determine the power of UV lamp used for synthesizing  

silver nanoparticles, 8 and 10 watts UV lamps were used for radiation in the synthesis 

of silver nanoparticles in the presence of tannic acid (TA).  5 ml of 4 mM silver nitrate 

solution was poured into 20 ml of TA solution using molar ratio (MR) of TA to  

silver ions at 1:1. pHs of TA solutions were varied from 5.0, 6.0 7.0, 8.0 to 9.0 using 

acetic acid or potassium carbonate solutions. After stirring for 5 minutes, the solution 

Instrument Model Manufacturer 

1.  UV lamp  
G10T8(10watts), 
G8T5(8 watts) 

Tokiava lamp 

2.  pH meter pH 510 EUTECH instrument 

3.  UV-Vis Spectrophotometer (UV-
Vis) 

SPECORD 250 Analytikjena 

4.  Tranmission Electron 
Microscope (TEM) 

JEM 2100 JEOL 

5.  Tranmission Electron 
Microscope (TEM) 

JEM 1400 JEOL 
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was exposed to UV radiation for 60 minutes and then the silver nanoparticles were 

obtained. The synthesizing procedure can be summarized according to Figure 3.2. 

 

 
Figure 3.2 The procedure used for the synthesis of silver nanoparticles 

 
 

3.4.2 Synthesis of silver nanoparticles using different stabilizers and 
conditions 

Silver nanoparticles were synthesized according to the procedure shown in 

Figure 3.2 using UV lamp power determined from section 3.3.1.  Five chemicals 

including tannic acid (TA), poly(methacrylic acid, sodium salt) (PMA), carboxymethyl 

cellulose, sodium salt (CMC), chitosan (CS) and humic acid (HA) were used. Initial pH 

of stabilizer solution and molar ratio of the stabilizer to silver ions were varied.  

The conditions used for each stabilizer are given in Table 3.3. pHs of the stabilizer 

solutions were varied from 5.0, 6.0 7.0, 8.0 to 9.0 using acetic acid or potassium 

carbonate solutions. For the stabilizers with lower molecular weight which were TA 

and PMA, the molar ratio was varied at 3 values. On the other hand,  

for the stabilizers with high molecular weight which were CMC, CS and HA,  
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the molar ratio with less amount of the stabilizers was applied due to the difficulty 

in dissolving the stabilizers when higher amount was used. 

 Furthermore, to determine the role of UV radiation in the synthesis,  
the control experiments were done for each stabilizer. Two samples of the mixture 
of stabilizer solution and silver nitrate solution were prepared using the same 
amount of the chemicals as shown in Figure 3.2. One was kept in the dark for 60 
minutes and the other was exposed to natural light for 60 minutes. Then the optical 
characteristics of the obtained products were compared with those of their  
UV-irradiated counterparts.   
 
Table 3.3 Experimental conditions used for the synthesis of silver nanoparticles. 

 
 

  

Stabilizer 
Stabilizer 

concentration 
mM  

pH of stabilizer solution 
Stabilizer 
solution 

(ml) 

4mM Silver 
nitrate solution 

(ml)          

TA 

10.0 

5.0, 6.0, 7.0, 8.0, 9.0 20 5 1.0 

0.1 

PMA 

10.0 

5.0, 6.0, 7.0, 8.0, 9.0 20 5 1.0 

0.1 

CMC 0.1 5.0, 6.0, 7.0, 8.0, 9.0 20 5 

CS 0.1 5.0 20 5 

HA 
0.0072 

5.0, 6.0, 7.0, 8.0, 9.0 20 5 
0.0007 
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3.5 Characterization and testing of silver nanoparticles  

3.5.1 Analysis of optical characteristics  

UV-Vis absorption measurements were used for determining LSPR of  

the synthesized silver nanoparticles. These synthesized silver nanoparticles colloids 

were analyzed using UV-Vis spectrophotometer (SPECORD 250, Analytikjena) as 

shown in Figure 3.3. The absorption spectra were exhibited in the wavelengths 

ranging from 250 to 700 nm. This measurement was used to analyze the size,  

the size distribution, the agglomeration and also the stability of  

the silver nanoparticles. As previously mentioned in Chapter II, size of the 

nanoparticles is related to their LSPR. Bigger particles or agglomerated particles show 

the maximum absorbance at higher wavelength position. Uniformity of the obtained 

nanoparticles or size distribution is indicated by narrow absorbance peak.  

On the other hand, broader peak indicates the variation in the size or shape of the 

nanoparticles.  

In this research, the stability of the nanoparticles was evaluated by comparing  

the absorption spectra of the nanoparticles after synthesis and after stored for one 

month. If the stability of nanoparticles was good, these spectra should be similar.  

 

 
Figure 3.3 SPECORD 250 UV-Vis Spectrophotometer 
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3.5.2 Analysis of morphology 

The morphology of the synthesized silver nanoparticles was analyzed using  

2 Transmission Electron Microscopes (TEM) model JEOL: JEM 2100 and JEOL: 

JEM1400 as shown in Figure 3.4. TEM is suitable especially for analyzing  

the morphology of nanoparticles. It is a technique where a sample is bombarded by 

high energy electrons. Then a lot of electrons produce the image which are 

projected onto a fluorescent panel and show the images of the very small samples 

in nanometer size. Sample preparation was done by a dropped coat method.  

A drop of silver nanoparticles colloid was dropped on copper grid. The droplet was 

left for 5 minutes then the solution was wiped out of the grid and it was left to dry 

in the desiccator. All samples were measured without any further treatment. 

 

 
Figure 3.4 Transmission Electron Microscopes  

 
  



 

 

39 

3.5.3 Herbicide sensing tests 

Pyrazosulfuron-ethyl and paraguat were two herbicides used for herbicide 

sensing tests.  The former is a non-polar substance and the latter has high solubility 

in water. The herbicide sensing ability was done by mixing 1.0 ml of the synthesized 

silver nanoparticles colloid with 1.0 ml of herbicide solution as shown in Figure 3.5.  

Then the mixture was shaken for 5 minutes and observed for the difference in  

the color of the mixtures. The amounts of herbicide were varied from 0, 50, 100, 200 

to 400 ppm. UV-Vis spectroscopy was used to monitor the change in the absorbance 

peaks of the samples.   

 

 
Figure 3.5 The procedure of herbicide sensing test 
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CHAPTER IV  
RESULTS AND DISCUSSION 

In this chapter, all results from every section of the experimental parts are 

reported and discussed.  This chapter includes six parts of the experiments with their 

sub-sections. First five parts relates to the characteristics of the synthesized  

silver nanoparticles.  The last part relates to the herbicide sensing tests of  

the synthesized silver nanoparticles. All abbreviations in this works are presented in 

the appendix A.  

 
4.1 Characteristics of silver nanoparticles stabilized by tannic acid.  

4.1.1 Optical characteristics 

4.1.1.1 Effect of UV lamp power 

In order to avoid side effect of UV irradiation to the stabilizer molecules,  

UV lamps with low energy were chosen to synthesize silver nanoparticles.  

Spadaro, D. and coworker [53] reported that when 6 watts of UV lamp was used,  

the nucleation and growth of the nanoparticles occurred without any modification to 

the stabilizer whereas when 25 watts of UV lamp was used, some modifications of 

the stabilizer occurred. In addition, previous studies suggested that low energy of  

UV lamp resulted in a slow growth rate of the nanoparticles yielding more 

controllable or uniform nanoparticles [4, 81].  In this research, 8 and 10 watts of  

UV lamps were applied for the synthesis of silver nanoparticles in the presence of  

TA solution at 5 different pH conditions (5.0, 6.0, 7.0, 8.0 and 9.0).  The reduction of 

silver ions under UV irradiation was evidenced by the change in the color of  

the nanoparticles colloids from very pale yellow to yellow and then dark orange.  

The formation of silver nanoparticles was confirmed by the presence of LSPR 
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absorption peak in UV-Vis spectra around 430 nm which is typical for  

the nanoparticles having diameter less than 30 nm [48].  

Due to the unique optical characteristics of silver nanoparticles, a great deal of 

information about the physical state of the nanoparticles can be obtained by 

analyzing UV-Vis spectra of silver nanoparticles in solution. As the diameter increases, 

the absorption peak shifts to longer wavelength and broadens.  The peak wavelength 

and the peak width yield a unique spectral fingerprint for a plasmonic nanoparticles 

with specific size and shape [82].  

In order to determine the UV lamp power for further synthesis, the differences 

of the UV-Vis spectra between two colloids obtained from using different UV lamps  

(same pH condition) were analyzed. In this research, two criteria were used for 

selecting the UV power.  First criterion was the lowest UV power that can assist  

the reduction of silver ions. Second criterion was the UV power that had lowest side 

effect to the stabilizer molecules.  

UV-Vis spectra after synthesis and after one month storage of TA-stabilized 

silver nanoparticles colloids synthesized with initial pH of TA solutions at 5.0, 6.0, 7.0, 

8.0 and 9.0 were given in Figures 4.1-4.5, respectively. In the case of acidic conditions 

at pH 5.0 and 6.0, it was found that the silver nanoparticles synthesized using 2  

UV powers exhibited similar UV-Vis spectra after synthesis and after one month 

storage. Their maximum absorption peaks at around 425 nm representing  

the silver nanoparticles reduced and stabilized by TA and at around 275 nm 

representing TA as shown in Figures 4.1 and 4.2. When compared to neutral and 

alkali conditions, it seemed that the silver nanoparticles synthesized using pH of 5.0 

and 6.0 exhibited higher stability than those obtained from other pH conditions since 

their UV-Vis spectra after synthesis and after one month storage are similar as 

previously mentioned.  
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It can be seen from Figure 4.3 that UV-Vis spectra after synthesis of the silver 

nanoparticles synthesized with TA at initial pH of 7.0 using 8 and 10 watts of  

UV lamps are comparable. The characteristic peaks of both silver nanoparticles 

appear at wavelength around 425 nm. However, after one month storage, an 

increase in the intensity of the wavelength at 425 nm and the appearance of the 

intensity of the wavelength around 375 nm indicate the formation of  

the nanoparticles still occurred after UV irradiation. The peak at 375 nm suggests  

the formation of the nanoparticles that were slightly different from those having the 

characteristic peaks around 425 nm. This may be due to the generation of e-
aq  during 

UV irradiation. After irradiation was finished, these e-
aq still remained in the system 

and can reduce silver ion as previously reported during storage [29].  

The nanoparticles synthesized using 10 watts of UV lamp exhibit higher intensity of  

the wavelength around 375 nm than those synthesized using 8 watts of UV lamp 

indicating higher amount of silver nanoparticles were formed. This may be because 

higher energy of 10 watts can generate more e-
aq than 8 watts. This phenomenon 

was not observed in acidic conditions since it is difficult for electron to solely present 

in acidic system as shown inFigures 4.1 and 4.2. 

Figures 4.4 and 4.5 shows that besides the occurrence of the nanoparticles 

obtained from the reduction by TA, using alkali conditions at pH of 8.0 and 9.0 also 

yielded the silver nanoparticles based on the reduction by gallic acid.  

The characteristic peaks of gallic acid  and its nanoparticles can be observed at 

around 257 nm and 350-400 nm, respectively. After stored for one month,  

the reaction still occurred resulting in an increase in the intensity of  

the characteristic peaks of the nanoparticles. Since gallic acid is formed from tannic 

acid in alkali condition as previously mentioned in Chapter 2, there were no 

characteristic peaks of gallic acid when pH of 5.0, 6.0 and 7.0 were used as shown in 

Figures 4.1-4.3. However, it is clearly seen from Figure 4.5 that at pH 9.0,  
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the intensities of UV-Vis spectra corresponding to the stabilizers and silver 

nanoparticles in the range of 250 - 400 nm are slightly lower when 10 watts of UV 

lamp was used. This may be because using higher energy of UV radiation affected  

the stabilizer molecules [53].  

 

 

Figure 4.1 UV-Vis spectra of silver nanoparticles colloids synthesized using 8 
and 10 watts of UV lamp in the presence of TA at pH of 5.0 
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Figure 4.2 UV-Vis spectra of silver nanoparticles colloids synthesized using 8 
and 10 watts of UV lamp in the presence of TA at pH of 6.0 

 

 
Figure 4.3  UV-Vis spectra of silver nanoparticles colloids synthesized using 8 

and 10 watts of UV lamp in the presence of TA at pH of 7.0 
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Figure 4.4 UV-Vis spectra of silver nanoparticles colloids synthesized using 8 

and 10 watts of UV lamp in the presence of TA at pH of 8.0 
 

 
Figure 4.5 UV-Vis spectra of silver nanoparticles colloids synthesized using 8 

and 10 watts of UV lamp in the presence of TA at pH of 9.0 
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It can be concluded based on the previous mentioned criteria that the power 

of 8 watts is enough to assist the reduction of silver ions and it shows less side effect 

of UV radiation to the stabilizer molecules. Therefore, UV lamp generating the power 

of 8 watts was chosen to use in further experiments. 

 

4.1.1.2 Effect of initial pH of tannic acid solution 

The appearances of the synthesized silver nanoparticles colloids are shown in  

Figure 4.6. Their optical characteristics were analyzed by UV-Vis spectroscopy and  

the results are given in Table 4.1 and Figure 4.7.  

 

 

Figure 4.6 Appearances of silver nanoparticles colloids synthesized using 
different initial pH of TA solution and three molar ratios of TA to 
silver ions  
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Table 4.1 Positions of UV-Vis spectra of the silver nanoparticles synthesized using 
different initial pH of TA solution and three molar ratios of TA to  
silver ions 
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Figure 4.7  UV-Vis spectra of silver nanoparticles colloids synthesized using 

different initial pH of TA solution and three molar ratios (MR) of 
TA to silver ions; a) MR of 10:1 with dilution ratio of 1:200,  
b) MR of 1:1 with dilution ratio of 1:25 and c) MR of 1:10 with 
dilution ratio of 1:25 
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 UV-Vis spectra showed that the main characteristic peaks of silver 

nanoparticles can be divided into two groups. First group of the characteristic peak at 

about 400-450 nm is attributed to silver nanoparticles stabilized with TA. The second 

group of the characteristic peak at about 300-350 nm is attributed to silver 

nanoparticles stabilized with gallic acid. This can be explained by the occurrence of 

gallic acid in this system. Previous work revealed that at alkali condition, TA was 

hydrolyzed into gallic acid which can be confirmed byUV-Vis characteristic peak of 

gallic acid at 257 nm [83] and TA around 270 nm [43]. Since gallic acid reduced silver 

ions into silver atom rapidly at room temperature, more spherical and smaller 

particles were obtained [44]. For pH conditions of 5.0, 6.0 and 7.0, there were no 

intensities around 350 nm which possibly represented silver nanoparticles which 

were reduced and stabilized by gallic acid whereas the peaks around 400-450 nm 

found in all spectra represents silver nanoparticles which were reduced and 

stabilized by TA itself.  
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4.1.1.3 Effect of molar ratio of tannic acid to silver ions 

Figure 4.8 shows that the effect of molar ratio is clearly seen especially in alkali 

conditions of pH 8.0 and 9.0; hence, where gallic acid involves. At these conditions,  

the intensity of the characteristic peaks corresponding to the silver nanoparticles 

based on the reduction by gallic acid increases with increasing the amount of 

stabilizer. This is because the amount of gallic acid is related to TA content since it is 

a hydrolyzed product of TA at alkali condition [6]. On the other hand, at acidic and 

neutral conditions, the silver nanaoparticles based on the reduction by TA were  

the main product. The molar ratio slightly affected the formation of  

the nanoparticles as seen from Figures 4.8 a)-c) that the intensities of  

the characteristic peaks of these nanoparticles synthesized using MR of 10:1, 1:1 and 

1:10 are not much different. However, at pH of 5.0 and 6.0, using MR of 1:1 resulted 

in the highest intensity of the characteristic peak of silver nanoparticles at around 

425 nm This may be because in acidic solution, if the amount of TA is too high as in 

this case, about 10:1, the mobility of TA molecules may be difficult for the reduction 

and stabilization processes. Therefore, lower amount of silver nanoparticles was 

obtained at this ratio when compared to MR of 1:1.     
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Figure 4.8 UV-Vis spectra of TA-stabilized silver nanoparticles colloids 
synthesized using three molar ratios of TA to silver ions at with 
different pH: a) 5.0, b) 6.0, c) 7.0, d) 8.0 and e) 9.0  
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4.1.1.4 Role of UV radiation in the synthesis 

Figure 4.9 shows that no color of all the silver nanoparticles colloids 

synthesized using different light sources without adding any reducing agent was 

observed. However, UV-Vis spectra shown in Figure 4.10 indicated that without UV 

radiation there was no sign of silver nanoparticles formation. With natural light,  

it can reduce very little amount of silver ions to form silver nanoparticles.  

On the other hand, slightly higher amount of silver nanoparticles was formed after 

exposing to UV radiation. These results indicate that UV radiation can assist  

the reduction of silver ions into silver nanoparticles. However, low amount of  

silver nanoparticles was obtained. Therefore, it is necessary to use the reducing 

agent/stabilizer in the system in order to increase the product.  

 

 
Figure 4.9 Appearances of silver nanoparticles colloids synthesized without any 

reducing agent using different light sources a) at dark,  
b) natural light (indoor) and c) UV lamp  
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Figure 4.10 UV-Vis spectra of silver nanoparticles colloids synthesized without 

any reducing agent using different light sources a) at dark,  
b) natural light (indoor) and c) UV lamp 

When TA was used, the silver nanoparticles colloids exhibit yellow color as 

shown in Figure 4.11. Their UV-Vis spectra given in Figure 4.12 show the differences 

between the samples at the wavelength range of 320-400 nm. Higher absorbance 

intensity in the wavelength range of 350-400 nm was observed when natural light 

was used. On the other hand, without any light (dark), the spectrum shows lowest 

absorbance intensity between 320-350 nm, but shows highest absorbance intensity 

between 350-390 nm. The latter wavelength range represents silver nanoparticles 

reduced by gallic acid (without any light) whereas the former range (320-350 nm) 

represents silver nanoparticles reduced by gallic acid with the assistance of light.  

This figure also shows that the absorbance intensities of the silver nanoparticles 

synthesized using natural light and UV radiation in the range of 300-350 nm are not 

different. On the other hand, in the wavelength range of 350-390 nm, the spectrum 

of UV- radiated sample shows higher absorbance than the sample synthesized under 

natural light. Moreover, the results indicate that the amount of gallic acid is highest 

when synthesizing in the dark and is lowest when synthesizing under natural light.  
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This indicates that TA can reduce silver ion to silver atom without using any light 

since it has a lot of phenol groups in its structure as mentioned in section 2.2.1.  

 

  

Figure 4.11 Appearances of TA-stabilized silver nanoparticles colloids synthesized at 
pH of 8.0 using different light sources: a) pure TA solution, b) at dark,  
c) natural light (indoor) and d) UV lamp 

 

 
Figure 4.12  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

at pH of 8.0 using different light sources: a) pure TA solution, b) at dark, 
c) natural light (indoor) and d) UV lamp  
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4.1.2 Morphology 

TEM images of TA-stabilized silver nanoparticles shown in Figures 4.13-4.15 

confirm the occurrence of nanoparticles. At molar ratios of 10:1 and 1:1, bigger 

nanoparticles were obtained when pH of 5.0, 6.0 and 7.0 were employed.  

This supports the observation of their characteristic peak in UV-Vis spectra.  

It is clearly seen from Figure 4.13 that gallic acid-stabilized silver nanoparticles are 

smaller than TA-stabilized silver nanoparticles.  

On the other hand, at molar ratios of 1:10, the sizes of the silver nanoparticles 

synthesized using initial pH of 5.0, 6.0, 7.0 and 8.0 are comparable as shown in  

Figure 4.15. However, the nanoparticle synthesized using initial pH of 9.0 exhibited 

smaller in size. This is probably due to more gallic acid occurred in this sample than 

the others as its UV-Vis spectrum shows higher absorbance intensity at 257 nm 

compared to the others as shown in Figure 4.7 c). 
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Figure 4.13 TEM images of TA-stabilized silver nanoparticles synthesized using 

different initial pH of TA solution and molar ratio of TA to  
silver ions at 10:1  
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Figure 4.14 TEM images of TA-stabilized silver nanoparticles synthesized using 

different initial pH of TA solution and molar ratio of TA to  
silver ions at 1:1 
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Figure 4.15  TEM images of TA-stabilized silver nanoparticles synthesized using 

different initial pH of TA solution and molar ratio of TA to  
silver ions at 1:10 
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4.1.3 Stability 

The stability of the synthesized silver nanoparticles was observed after stored 

for one month at room temperature. Figure 4.16 shows that after one month,  

the colors of most of the silver nanoparticles colloids become darker especially 

those synthesized using MR of 10:1 at pH of 7.0, 8.0 and 9.0 and those synthesized 

using MR of 1:1 at pH of 8.0 and 9.0. In addition, the agglomeration of silver particles 

occurred resulting in the sediment atthe bottom of the bottles. On the other hand, 

those synthesized using MR of 1:10 exhibited a slight change in the color at every pH 

conditions.     

 

 
Figure 4.16  Appearances of TA-stabilized silver nanoparticles colloids after 

synthesis and after stored for one month 
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These above results can be confirmed by UV-Vis spectra as shown in  

Figures 4.17-4.19. It was found that when MR of 1:1 was used, the stability of  

TA-stabilized silver nanoparticles occurred when no gallic acid and/or gallic acid-

stabilized silver nanoparticles present in the system. This is because TA is a better 

stabilizer than gallic acid as previously mentioned in Chapter II. Since TA is normally 

hydrolyzed into gallic acid at alkali condition, using pH of 5.0 and 6.0 can minimize 

this transformation and yielded the silver nanoparticles with high stability.  

On the other hand, when pH of 8.0 and 9.0 were used, TA was hydrolyzed into gallic 

acid and this resulted in the silver nanoparticles with low stability. It can be seen 

from Figure 4.20 that after one month storage, the nanoparticles become bigger. 

However, while this phenomenon was similar when MR 10:1 was used, but it was 

different when MR of 1:10 was applied. It was found that at this ratio, only 

characteristic peaks of TA-stabilized silver nanoparticles were observed in every pH 

condition. This indicated no involvement of gallic acid in the synthesis process.  

After one month storage, the samples synthesized using pH of 5.0, 6.0 and 7.0 

showed an increase in the absorbance of these characteristic peaks. This may be 

probably because the amount of silver ions left in the mixture due to very slow 

reaction was higher than those synthesized at higher pH. The reduction of the silver 

ions still occurred further after finished the UV radiation. On the other hand, at pH of 

8.0 and 9.0, the reduction of silver ions was mostly complete during the UV radiation; 

consequently, less reduction of the silver ions during storage occurred. 

Moreover, the change in the color of the colloids after stored for one month 

depends on the numbers of gallic acid-stabilized and TA-stabilized silver nanoparticle 

as shown in UV-Vis spectra. This is why the change in the color of the samples 

synthesized using MR of 10:1 was much more than the others due to they produced 

more gallic acid than the others.  
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Figure 4.17  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using molar ratio of TA to silver ions at 10:1 after synthesis and  
after stored for one month 
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Figure 4.18  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using molar ratio of TA to silver ions at 1:1 after synthesis and  
after stored for one month 
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Figure 4.19  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using molar ratio of TA to silver ions at 1:10 after synthesis  
and after stored for one month 
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Figure 4.20 TEM images of TA-stabilized silver nanoparticles synthesized with MR of 
TA to silver ions at 1:1 after one month storage.   
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4.2 Characteristics of silver nanoparticles stabilized by poly (methacrylic acid,  
sodium salt) 

4.2.1 Optical characteristics 

4.2.1.1 Effect of initial pH of poly (methacrylic acid, sodium salt) solution 

PMA-stabilized silver nanoparticles were synthesized using the same procedure 

as was employed to TA-stabilized silver nanoparticles. It can be seen from  

Figure 4.21 that the color of the silver nanoparticles colloids is darker with increasing 

the pH of PMA solution. This is because higher dissociation of PMA occurs when pH is 

increased than its pKa. Poly (methacrylic acid) has pKa at 5.6 [84]. Within the same pH 

condition, the samples synthesized using MR of 10:1 are darker than those 

synthesized using other MR. This is because increasing the amount of PMA means 

increasing the amount of reducing agent. As a result, higher amount of silver 

nanoparticles is obtained. When pH of 8.0 and 9.0 were used, UV-Vis spectra show 

that the characteristic peaks of samples of MR 10:1 and 1:1 were closed to each 

other compared to those of the sample of MR 1:10 as shown in  

Figure 4.22 and Table 4.2.  This is because PMA is a long chain molecular structure, 

somehow the reduction rates of MR 10:1 and 1:1 were slower than MR 1:10 due to  

the mobility of PMA was poorer.  
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Figure 4.21 Appearances of silver nanoparticles colloids synthesized using different 
initial pH of PMA solution and three molar ratios of PMA to silver ions 

 

 Figure 4.22 shows the spectra of PMA-stabilized silver nanoaprticles and their 

peak positions are summarized in Table 4.2. It can be seen that at MR of 10:1,  

there are no characteristic peaks of silver nanoparticles appearing on UV-Vis spectra 

when pH of 5.0 and 6.0 were used in the synthesis.  However, when initial pH of PMA 

solutions was elevated to 7.0, 8.0 and 9.0, the characteristic peaks of silver 

nanoparticles appear at the wavelength of 405 nm.  

 Figure 4.22 b) shows the UV-Vis spectra of the silver nanoparticles synthesized 

with MR of 1:1. The absorbance characteristic peak shifted to the longer wavelength 

compared to the sample of MR 10:1. Due to the sample of MR 1:1 has less amount 

of PMA to reduced silver ions, then this sample has slower reduction rate of silver 

ions. this resulted in larger particles obtained from MR 1:1 compared to MR 10:1. 

There was no characteristic of silver nanoparticles occurred in the sample 

synthesized with pH of 5.0. With pH of 6.0, 7.0, 8.0 and 9.0 presented absorbance 

characteristic peaks of silver nanoparticles at 414, 410, 409 and 409 nm, respectively.   
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Figure 4.22 c) shows the UV-Vis spectra of the silver nanoparticles synthesized with 

MR 1:10. The characteristic peaks shifted to the longer wavelength compared to the 

sample of MR 1:1. This because the chain mobility of MR 1:10 is more free and made 

the reduction easier. The lack of formation of silver nanoparticles in sample of MR 

1:1 compared to sample of MR 1:10 may be explained by a high concentration of 

PMA can be obstacles the silver ions reduction and nucleation [5]. There was no 

characteristic peak of silver nanoparticles occurred in the sample synthesized with 

pH of 5.0, same as the other MR conditions. Moreover, the absorbance intensities 

increased as pH of PMA solutions were elevated. But the peak positions shifted to 

shorter wavelength when pH of PMA solutions was elevated. This is due to as pH 

increased higher than pKa of PMA (5.6), the reduction rate increased. This is because 

higher pH made PMA stay in dissociated form more than neutral form due to  

the acid dissociation equilibrium [85].  
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Figure 4.22 UV-Vis spectra of silver nanoparticles colloids synthesized using different 

initial pH of PMA solution and three molar ratios of PMA to silver ions 
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Table 4.2 Positions of UV-Vis spectra of the silver nanoparticles synthesized using              
different initial pH of PMA solution and three molar ratios of PMA to 
silver ions 

 
  

4.2.1.2 Effect of molar ratio of poly(methacrylic acid, sodium salt) to 
silver ions 

Figure 4.23 showed that at initial pH of PMA at 5.0, there was no characteristic 

peak of silver nanoparticles in every MR spectra. At initial pH of 6.0, MR 1:1 and 1:10 

showed a characteristic peak of silver nanoparticles at 450, 520 nm, respectively.  

This can be explained that at pH of 6.0 with MR 10:1, there was less silver 

nanoparticles formation probably due to less mobility of the PMA. At pH of 7.0, 

sample of MR 1:1 started to show characteristic peak around 420 nm. As initial pH of 

PMA was elevated to 8.0, every spectrum showed higher absorbance intensities. 

However, when initial pH of PMA was elevated to 9.0, the absorbance intensities of 

MR 10:1 were decreased and the spectra line showed sign of agglomeration. 

Peak position 
(Wavelength,nm) 

pH 5.0 pH 6.0 pH 7.0 pH 8.0  pH 9.0 

mr 10:1 
 

- - 405 405 405 
Broaden pk 350-700 

mr 1:1 
 

- 414 410 409 409 
Broaden pk 330-550 

mr 1:10 
 

- 297, 501 300, 461 311, 458 311, 456 
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Figure 4.23 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids 
synthesized using three molar ratios of PMA to silver ions at with 
different pH: a) 5.0, b) 6.0, c) 7.0, d) 8.0 and e) 9.0 
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4.2.1.3 Role of UV radiation in the synthesis  

Figure 4.24 shows that PMA can reduce silver ions to form silver nanoparticles 

without the assistance of any light since its sample exhibited yellow color similar to 

that synthesized using natural light. When UV radiation was applied, PMA-stabilized 

silver nanoparticles colloid synthesized under UV radiation exhibiting the darkest 

color indicating an increase in the reduction of silver ions. These results can be 

confirmed by UV-Vis spectra as shown in Figure 4.25. Therefore, it can be concluded 

that UV radiation promotes the synthesis of silver nanoparticles and PMA can acts as 

both reducing agent and stabilizer. 

 

 
Figure 4.24  Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

at pH of 8.0 using different light sources: a) pure PMA solution,  
b) at dark, c) natural light (indoor) and d) UV lamp 

PMA, 
pure

dark nat UV
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Figure 4.25 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

at pH of 8.0 using different light sources: a) pure PMA solution, b) at dark, 
c) natural light (indoor) and d) UV lamp  

The mechanism of the reduction process can be explained as follows. It was 

known that PMA has lots of functional groups of COO- depends on pH condition of 

the system [85]. For each acid group, it has acid dissociation reaction as follow:  

 A-COO-    +  H2O             A-COOH +  OH-         (eq. 4.1) 

From the above equation, it is shown that the dissociation groups are increased as 

pH condition increased. On the other hand, as pH is decreased, the neutral forms are 

less dissociated [85]. 

Moreover, theorectically, it was known that among the carboxylic derivatives, 

carboxylate groups are the least reactive towards nucleophillic acyl substitution.  

It is also less reactive than carboxylic acid group. Due to the negatively charged 

oxygen one carboxylate group has lots of electron cloud to donate, therefore the 

carbonyl carbon is not very elecrophillic [86]. Then the nucleophile is probably 

attached to the end group of –COO- instead.  
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Furthermore, the OH- ions can react with silver ions to give silver oxide: Ag2O 

[87] as follow:  

2 Ag+  +  2 OH-                  Ag2O + H2O
-         (eq. 4.2) 

 
In this study, the reduction mechanism of PMA stabilized silver nanoparticles 

with initial pH of PMA solution above 7.0, were probably started with two silver ions 

attached to the –COO- and then leaving out to form Ag2O and leaved the new  

end group of aldehyde functional group. Then this aldehyde end group reduced 

silver oxide to form silver nanoparticles by itself as shown in eq 4.3 [88]: 

 

 eq. 4.3 
 
Those mechanism also explained why there were less silver nanoparticles 

formation when synthesized with initial pH of PMA at 5.0 and 6.0. 

 

4.2.2 Morphology 

 TEM measurements were carried out to observe the morphology of  

the silver nanoparticles synthesized under different initial pH condition of PMA and  

their images were shown in Figure 4.26, 4.27 and 4.28.  Almost all of the samples 

were in nanoparticles size.  

 Figure 4.26 shows TEM images of the synthesized silver nanoparticles with  

the MR of 10:1. Although, the samples synthesized with initial pH of PMA at 5.0 and 

6.0, there was no characteristic peak of silver nanoparticles, TEM images showed that 

there were some silver nanoparticles in those samples but they were not uniformly. 

+
Ag2O / OH

RC O

OH

RC O

H

+ 2 Ag
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Figure 4.27 shows TEM images of the synthesized silver nanoparticles with  

the MR of 1:1. Silver nanoparticles synthesized with MR of 1:1 were almost the same 

size. These confirmed the UV-Vis spectra that showed the characteristic peak  

at 409 - 414 nm as shown in Figure 4.22 b.   

Figure 4.28 shows TEM images of the synthesized silver nanoparticles with  

the MR of PMA to silver ions as 1:10. TEM images showed that  

the silver nanoparticles synthesized with initial pH of PMA at pH of 6.0 were different 

from the others as they were spherical and rod shape as shown in Figure 4.28 b1) 

and b2) while the others were only spherical shape. This can be explained with  

the incomplete reduction of silver ions [4].This may be explained with  

the dissociation equilibrium, since it has pKa of 5.6 [84]. At pH of 5.0 it was lower 

than pKa then most of the PMA tended to stay in neutral form. This caused least 

formation of silver nanoparticles at this condition due to less reactive of the neutral 

form to the silver ions. However, as initial pH of PMA solution was elevated to pH of 

6.0 which a little higher than pKa of PMA (5.6), there was probably incomplete 

dissociation of PMA. The reduction of silver ions at this condition was slower than 

those of higher pH conditions. Moreover, there are more silver ions left in the system 

after UV irradiation, and this silver ions may be perturb the electric surround of  

the silver nanoparticles [4]. These TEM results confirmed UV-Vis spectra that showed 

different positions of the characteristic peaks of this sample at 501 nm.  

While the other conditions were shown at 461, 458 and 456 nm as pH increased to 

7.0, 8.0 and 9.0, respectively as shown in Figure 4.22 c). 
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Figure 4.26  TEM images of PMA-stabilized silver nanoparticles synthesized using 
different initial pH of PMA solution and molar ratio of PMA to  
silver ions at 10:1 
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Figure 4.27 TEM images of PMA-stabilized silver nanoparticles synthesized using 

different initial pH of PMA solution and molar ratio of PMA to  
silver ions at 1:1 
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Figure 4.28 TEM images of PMA-stabilized silver nanoparticles synthesized using 
different initial pH of PMA solution and molar ratio of PMA to  
silver ions at 1:10 
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Dubas, S. T. and coworker [4] reported that the purple colloids of  

PMA-stabilized silver nanoparticles was due to the incomplete reduction of  

silver ions which perturbed the dielectric surround of the nanoparticles.  

The unreacted silver ions can interact with carboxylic groups (COO-) on the surface of 

the nanoparticles and form Ag+/COO- complex. Then this nanoparticles colloid was 

justified by the less hydrophilic environment due tothe complex formation.  

This resulted in red shifted of the absorbance spectrum to 501 nm instead of  

456-461 nm. However, the synthesized silver nanoparticles were showed two types 

of particles which were spherical and rod-like particles. While Dubas reported  

only spherical with largest diameter of 10 nm. This is probably due to different in 

synthesis condition. Moreover, it was showed that with the Dubas’s condition,  

there was higher amount of silver nanoparticles formation. 

 
4.2.3 Stability 

The stability of PMA-stabilized silver nanoparticles was observed after stored 

for one month at room temperature. It is shown in Figure 4.29 that the color of silver 

nanoparticles colloids synthesized using MR of 10:1 changed to pale yellow with 

sediment at the bottom, after stored for one month except for that synthesized 

using pH of 5.0. These results were confirmed by UV-Vis spectra as shown in  

Figure 4.30. In this figure, every sample showed lower absorption spectra and  

the characteristic peaks of silver nanoparticles disappeared after stored for one 

month except for that synthesized using pH of 5.0. This suggests that with MR of 10:1, 

silver nanoparticles showed low stability. They agglomerated into bigger particles and 

sank down as sediment as shown in Figure 4.28 a). On the other hand, at pH of 5.0, 

the reduction rate was very slow by the acid dissociation equilibrium [84]; 

consequently, the reduction still occurred during storage.   
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For MR of 1:1, after stored for one month, silver nanoparticles were darker in 

every condition as shown in Figure 4.31 b2). These results confirmed with  

the UV-Vis spectra as shown in Figure 4.31. All UV-Vis spectra showed that every 

samples presented higher absorbance spectra after stored for one month and  

the characteristic peaks appeared after stored for one month in the range  

of 409-414 nm in all samples excepted those from initial pH of PMA at 5.0 condition. 

This was probably due to with less amount of PMA at MR of 1:1, made reduction of 

silver ions slower than MR 10:1 condition. After one hour UV radiation,  

there were silver ions left in the system. Then they were continuously reduced 

during storage. However, UV-Vis spectra results showed that with MR 1:10, there were 

higher amount of silver nanoparticles formed than MR 1:1 as shown in Figure 4.32. 

This was probably due to in the case that less amount of PMA allowed better 

mobility of PMA chain to react with silver ions. Then the reduction rate was faster 

than in MR 1:1. However, in pH of 5.0 and 6.0, the reduction rates were very slow 

resulting in the formation of bigger particles in these two conditions.  
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Figure 4.29  Appearances of PMA-stabilized silver nanoparticles colloids after 
synthesis and after stored for one month 

 
  

5.0 6.0 7.0 8.0 9.0

5.0 6.0 7.0 8.0 9.0

5.0 6.0 7.0 8.0 9.0 5.0 6.0 7.0 8.0 9.0

5.0 6.0 7.0 8.0 9.0

5.0 6.0 7.0 8.0 9.0
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In the case of MR of 1:10, after stored for one month, no sediment was 

observed and the color of the colloids looked almost the same.  

These results confirmed by UV-Vis spectra as shown in Figure 4.32. The samples of 

pH of 5.0 and 6.0 exhibited not much different in absorption spectra after stored for 

one month. However, the characteristic peaks of the samples synthesized with initial 

pH of PMA at 7.0, 8.0 and 9.0 shifted to the shorter wavelength from 461, 458 and 

456 to 420, 417 and 418, respectively. It was showed that at this MR,  

the silver nanoparticles colloids synthesized with initial pH of PMA at 6.0 showed 

light purple color which was different to the others. 
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Figure 4.30 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids 

synthesized using molar ratio of PMA to silver ions at 10:1  
after synthesis and after stored for one month 

a)

b)

c)

d)

e)
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Figure 4.31 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids 

synthesized using molar ratio of PMA to silver ions at 1:1  
after synthesis and after stored for one month 

a)

b)

c)

d)

e)
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Figure 4.32 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids 
synthesized using molar ratio of PMA to silver ions at 1:10  
after synthesis and after stored for one month 

  

a)

b)

c)

d)

e)
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4.3 Characteristics of silver nanoparticles stabilized by carboxymethyl cellulose, 
sodium salt 

Due to high molecular weight of CMC (MW of CMC =90,000), large amount of 

CMC was needed to make the solutions with the concentrations of 1.0 and 10.0 mM  

(9 g per 100 ml and 90 g per 100 ml). As shown in Figure 4.33, 1.0 mM of  

CMC solution appears as a gel-like as it can hold air bubble in its high viscous 

solution compared to that of 0.1 mM. Moreover, there was incompletely dissolved 

CMC in the mixture as shown in Figure 4.34. Only CMC concentration of 0.1 mM can 

be completely dissolved into its aqueous solution. Therefore, only MR of 1:10 was 

used in the synthesis of silver nanoparticles using CMC solution. 

 

 

Figure 4.33 Appearances of 1.0 and 0.1 mM of carboxymethyl cellulose, sodium salt 
solutions 

 

 

Figure 4.34 Appearance of incompletely dissolved CMC in 1.0 mM of carboxymethyl 
cellulose, sodium salt in aqueous solution 
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4.3.1 Optical characteristics 

4.3.1.1 Effect of initial pH of carboxymethyl cellulose sodium salt solution 

It is clearly seen from Figure 4.35 that there was less evidence representing  

the formation of silver nanoparticles in the synthesis since all mixtures have very 

pale color.  However, UV-Vis absorption spectra shown in Figure 4.36 indicate that 

there were some silver nanoparticles formed. The summary of the peak positions are 

given in Table 4.3. 
 

 

Figure 4.35 Appearances of silver nanoparticles colloids synthesized using different 
initial pH of CMC solution and molar ratios of CMC to silver ions at 1:10 

 
UV-Vis absorption spectra exhibit very broaden peaks in the samples 

synthesized using initial pH of CMC solutions at 5.0, 6.0 and 7.0. This indicates that 

those nanoparticles were non-uniform with bigger particles than the other two 

conditions. On the other hand, at pH of CMC solutions at 8.0 and 9.0,  

UV-Vis absorbance peaks which respectively occur at 430-590 and 430-515 nm were 

narrower.  
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Figure 4.36 UV-Vis spectra of silver nanoparticles colloids synthesized using different 
initial pH of CMC solution and molar ratio of CMC to silver ions at 1:10 

                                       
                                                 

Table 4.3 Positions of UV-Vis spectra of the silver nanoparticles synthesized using 
different initial pH of CMC solution and molar ratio of CMC to  
silver ions at 1:10 

 
4.3.1.2 Role of UV radiation in the synthesis 

From Figures 4.37 and 4.38, It can be seen that without UV radiation, CMC can 

slightly reduce very little amount of silver ions to form silver nanoparticles.  

Less formation of silver nanoparticles was observed for dark and natural light 

condition with the initial pH of CMC solution at 8.0. However, upon exposure to  

 Peak position 
(Wavelength, nm) 

pH 5.0 pH 6.0 pH 7.0 pH 8.0  pH 9.0 

MR 1:10 
 
                 

444 
 
Broaden pk 

581 
 
Broaden pk 

461 
 
Broaden pk 

430-590 
 
Broaden pk 
 

472 
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UV radiation, there is the characteristic peak of silver nanoparticles appearing in  

the spectra with broaden peak having the maximum peak at 450 nm.  

 

 

Figure 4.37 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 
at pH of 8.0 using different light sources: a) pure CMC solution,  
b) at dark, c) natural light (indoor) and d) UV lamp 

 
 

 
Figure 4.38 UV-Vis spectra of CMC-stabilized silver nanoparticles colloids synthesized 

at pH of 8.0 using different light sources: a) pure CMC solution,  
b) at dark, c) natural light (indoor) and d) UV lamp  
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The reduction mechanism can be explained as follows. CMC can reduce very 

small amount of silver ions by itself. It is probably due to the fact that CMC is 

cellulose derivatives. The aldehyde end groups are reductive site for silver ions,  

and the presence of aldehyde group can be occurred by two paths. The first path 

can be occurred by the acid hydrolysis to form open-chain end structure that 

contained aldehyde end groups [89]. The second path can be explained with lower 

molecular weight cellulose and also amorphous part consists of hemicellulose which 

is weak and easily hydrolyzed by dilute acid or base [90]. Hemicellulose are 

composed of xylose as major component [90]. Xylose is one of glucose structure 

with aldehyde functional group [90].  

 

 

However, the maximum absorbance of the dark condition was very low 

compared to the absorbance of UV radiation condition. This can be concluded that 

UV radiation promotes the reduction of silver ions to silver atom in the synthesis of 

CMC-stabilized silver nanoparticles. 
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4.3.2 Morphology 

Figure 4.39 shows TEM images of CMC-stabilzed silver nanoparticles.  

The results confirm that there were silver nanoparticles occurred in all conditions. 

However, there were less amount of silver nanoparticles than the silver nanoparticles 

synthesis in the presence of TA and PMA even the same method was used. 

Moreover, TEM images show that nanoparticles synthesized using initial pH of CMC at 

5.0, 6.0 and 7.0 are non-uniform and have larger particles compared to those 

obtained from other two conditions.  There were triangonal plate and spherical 

nanoparticles. Previous work suggested that the slow rate growth of the silver 

nanoparticles yield non-uniform and nano plate particles [44]. In addtion, TEM 

images confirm the UV-Vis results that silver nanoparticles synthesized with initial pH 

of CMC at 8.0 and 9.0 were more uniform, spherical and smaller particles than the 

others. Those two conditions yielded the spherical silver nanoparticles which 

suggested that elevated initial pH of CMC solution to alkali condition, reduced silver 

ions faster than the others. 
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Figure 4.39 TEM images of CMC-stabilized silver nanoparticles synthesized using 
different initial pH of CMC solution and molar ratio of CMC to  
silver ions at 1:10 
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4.3.3 Stability 

The stability of the synthesized silver nanoparticles was observed after stored 

for one month at room temperature. As shown in Figure 4.40, CMC-stabilized  

silver nanoparticles colloids synthesized using initial pH of CMC at 7.0, 8.0 and 9.0, 

changed from very pale color to darker yellow, as the pH of CMC elevated,  

after storage. This indicates the continuous reduction of silver ions into  

silver nanoparticles.  

On the other hand, samples synthesized using initial pH of CMC at 5.0 and 6.0 were 

not changed much. This may be because at low pH condition, CMC dissociated into 

anionic species less than at higher pH due to the acid dissociation equilibrium [91]. 

Neutral form of CMC has slower reduction rate than the dissociated form then after 

one month storage, the sample of pH at 5.0 and 6.0 showed less change in color 

than those of higher pH conditions. These observations can be confirmed by  

UV-Vis spectra as shown in Figure 4.41. The intensities of the characteristic peaks of 

silver nanoparticles increase with increasing pH value. 
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Figure 4.40 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 

using molar ratio of CMC to silver ions at 1:10 after synthesis and  
after stored for one month 
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Figure 4.41 UV-Vis spectra of CMC-stabilized silver nanoparticles colloids 

synthesized using molar ratio of CMC to silver ions at 1:10  
after synthesis and after stored for one month 

a)

b)

c)

d)

e)
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4.4 Characteristics of silver nanoparticles stabilized by chitosan 

Chitosan (CS) is readily soluble in dilute acidic solution below pH of 6.0.  

It is considered as a strong base since it has primary amino groups with pKa  

value of 6.3 [57]. At acidic condition, the amines are protonated and become 

positively charged making CS to be water-soluble cationic polyelectrolytes.  

On the other hand, if pH is above 6.0, deprotonation of these amine groups occurs 

causing CS to lose its charge and become insoluble [57]. Therefore, in this research, 

only pH of 5.0 and 6.0 were used to study because CS was completely dissolved as 

shown in Figure 4.42 a). In addition, due to high molecular weight of CS used in this 

research, only MR of 1:10 was employed.  

Figure 4.43 shows that only the sample synthesized using pH of 5.0 showed 

significant in color change as a result of silver nanoparticles formation whereas at pH 

of 6.0, no evidence of silver nanoparticles formed after 1 hour of UV radiation.  

It can be explained that why CS did not reduce silver ions at pH of 6.0,  

because chitosan acted like a strong base. Its pKa is around 6.3 [57], then at pH of 

6.0 chitosan probably was less protonated than pH of 5.0. Moreover, it was observed 

that at pH of 5.0, the samples exhibited the color change from colorless to purple 

and then brown-greyish color as shown in Figure 4.44. This may be due to its long 

chain structure that can cause the difficulty in the reduction as it slow down the 

reduction rate. For this reason, the formation of silver nanoparticles stabilized with 

CS was observed as a function of the radiation time as shown in Figure 4.44.  
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Figure 4.42 Appearance of 0.1 mM of chitosan in 1.0 % v/v of acetic acid solutions  
at pH of a) 6.0 and b) 7.0 

 

 

Figure 4.43 Appearances of silver nanoparticles colloids synthesized using initial pH 
of chitosan at 5.0 (left), and 6.0 (right) after UV radiation for one hour 

 
4.4.1 Optical characteristics 

4.4.1.1 Effect of radiation time 

Figure 4.44 shows the silver nanoparticle colloids synthesized using 0.1 mM CS  

in 1.0 % v/v acetic acid solution at initial pH of CS solution of 5.0 at various radiation 

times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 minutes. It can be seen that  

CS-stabilized silver nanoparticles were formed right after UV radiation as the color of 

mixture changed from colorless to purple. Then after 20 minutes of radiation,  

its color changed to greyish color as shown in Figure 4.44. Their UV-Vis spectra given 

in Figure 4.45 show that the purple silver nanoparticles have the characteristic peaks 

around 490-518 nm. However, after UV radiation for 8 minutes the spectra shows 
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broaden curved from 330-700 nm. These results confirmed the appearance in greyish 

color observed above.  

 
 

 

Figure 4.44 Appearances of silver nanoparticles colloids synthesized using 0.1 mM CS 
in 1.0 % v/v acetic acid solution at initial pH of 5.0 at various radiation 
times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 minutes  

 

 

Figure 4.45 UV-Vis spectra of silver nanoparticles colloids synthesized using 0.1 mM 
CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 at various radiation 
times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 minutes 
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4.4.1.2 Role of UV radiation in the synthesis 

Figure 4.46 shows that without UV radiation, CS can reduce little amount of 

silver ions to form silver nanoparticatles by itself. However, there is no characteristic 

peak ofsilver nanoparticles shown in its spectrum as shown in Figure 4.47. CS is also 

known as polysaccharide biopolymer. It has same backbone as CMC.  

Then one reducing mechanism of CS was the aldehyde functional group at the open 

chain ends of the glucose unit same as CMC mechanism. Another mechanism was 

due to the reduction of silver ions to silver atom assisted by UV radiation  

reduced [87, 92].  

 

 

Figure 4.46  Appearances of CS-stabilized silver nanoparticles colloids synthesized at 
pH of 5.0 using different light sources: a) at dark for 2 min, b) at dark for 
4 min, c) natural light for 2 min, d) natural light for 4 min,  
e) UV lamp for 2 min and f) UV lamp for 4 min 
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Figure 4.47 UV-Vis spectra of CS-stabilized silver nanoparticles colloids synthesized at 

pH of 5.0 using different light sources: a) at dark for 2 min, b) at dark for 
4 min,  c) natural light for 2 min, d) natural light for 4 min, e) UV lamp 
for 2 min and f) UV lamp for 4 min  

 
  



 

 

100 

4.4.2 Morphology 

From UV-Vis spectroscopic results, in order to choose one sample to analyze 

with TEM, two criteria for selecting were: it showed the characteristic peak of  

the purple silver nanoparticles, and it had less agglomeration of the nanoparticles  

(lower absorbance intensities on the right hand side of the characteristic peak) or size 

distribution of the nanoparticles was more uniform. Therefore, the sample 

synthesized using 2 minutes of radiation time was selected to analyze with TEM and 

the results were shown in Figure 4.48. 

It can be seen from this figure that in the same sample, there were two shapes 

of silver nanoparticles. These results confirmed UV-Vis absorbance spectra that  

there were two characteristic peaks at 370 and 507 nm. The former represents  

the spherical particles and the latter represents the rod-like particles. Similar rod-like 

shape was also found in PMA- stabilized silver nanoparticles (MR of 1:10, pH of 6.0) 

which exhibited purple color and the characteristic peak around 501 nm.  

 
 

 

Figure 4.48 TEM images of CS-stabilized silver nanoparticles colloids synthesized 
using 0.1 mM CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 and 
radiation time of 2 minutes  

 

  

50nm 50nm
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4.4.3 Stability 

The stability of the synthesized silver nanoparticles was performed with  

the same procedure as was done in section of TA-stabilized silver nanoparticles.  

Figure 4.49 shows the appearance of the obtained nanoaparticles after one month 

storage. Figure 4.50 shows that after stored for one month, the intensity of  

the absorption spectra increase compared to those of after synthesis.  

The most different spectra after stored for one month were observed from  

the sample exposed to 1.0 min of UV radiation because it had highest amount of 

silver ions left in the mixture that can undergo the reduction after  

radiation was stopped.  

 

 

Figure 4.49  Appearances of CS-stabilized silver nanoparticles colloids synthesized 
using 0.1 mM CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 at 
various radiation times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 
minutes after synthesis and after stored for one month 
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Figure 4.50 UV-Vis spectra of silver nanoparticles colloids synthesized using 0.1 mM 
CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 at various radiation 
times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 minutes 

 
4.4.1.2 Role of UV radiation in the synthesis 

Figure 4.46 shows that without UV radiation, CS can reduce little amount of 

silver ions to form silver nanoparticatles by itself. However, there is no characteristic 

peak of silver nanoparticles shown in its spectrum as shown in Figure 4.47.  

CS is also known as polysaccharide biopolymer. It has same backbone as CMC.  

Then one reducing mechanism of CS was the aldehyde functional group at the open 

chain ends of the glucose unit same as CMC mechanism. Another mechanism was 

due to the reduction of silver ions to silver atom assisted by  

UV radiation reduced [87, 92].  
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Figure 4.51  Appearances of CS-stabilized silver nanoparticles colloids synthesized at 
pH of 5.0 using different light sources: a) at dark for 2 min, b) at dark for 
4 min, c) natural light for 2 min, d) natural light for 4 min,  
e) UV lamp for 2 min and f) UV lamp for 4 min 

 
Figure 4.52 UV-Vis spectra of CS-stabilized silver nanoparticles colloids synthesized at 

pH of 5.0 using different light sources: a) at dark for 2 min, b) at dark for 
4 min,  c) natural light for 2 min, d) natural light for 4 min,  
e) UV lamp or 2 min and f) UV lamp for 4 min  
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4.4.2 Morphology 

From UV-Vis spectroscopic results, in order to choose one sample to analyze 

with TEM, two criteria for selecting were: it showed the characteristic peak of the 

purple silver nanoparticles, and it had less agglomeration of the nanoparticles  

(lower absorbance intensities on the right hand side of the characteristic peak) or size 

distribution of the nanoparticles was more uniform. Therefore, the sample 

synthesized using 2 minutes of radiation time was selected to analyze with TEM and 

the results were shown in Figure 4.48. 

It can be seen from this figure that in the same sample, there were two shapes 

of silver nanoparticles. These results confirmed UV-Vis absorbance spectra that  

there were two characteristic peaks at 370 and 507 nm. The former represents  

the spherical particles and the latter represents the rod-like particles. Similar rod-like 

shape was also found in PMA- stabilized silver nanoparticles (MR of 1:10, pH of 6.0) 

which exhibited purple color and the characteristic peak around 501 nm.  

 
 

 

Figure 4.53 TEM images of CS-stabilized silver nanoparticles colloids synthesized 
using 0.1 mM CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 and 
radiation time of 2 minutes  

 

  

50nm 50nm
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4.4.3 Stability 

The stability of the synthesized silver nanoparticles was performed with  

the same procedure as was done in section of TA-stabilized silver nanoparticles.  

Figure 4.49 shows the appearance of the obtained nanoaparticles after one month 

storage. Figure 4.50 shows that after stored for one month, the intensity of  

the absorption spectra increase compared to those of after synthesis.  

The most different spectra after stored for one month were observed from  

the sample exposed to 1.0 min of UV radiation because it had highest amount of 

silver ions left in the mixture that can undergo the reduction after radiation  

was stopped.  

 

 

Figure 4.54  Appearances of CS-stabilized silver nanoparticles colloids synthesized 
using 0.1 mM CS in 1.0 % v/v acetic acid solution at initial pH of 5.0 at 
various radiation times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 and 60 
minutes after synthesis and after stored for one month 
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Figure 4.55  UV-Vis spectra of CS-stabilized silver nanoparticles colloids 

synthesized using 0.1 mM CS in 1.0 % v/v acetic acid solution at initial 
pH of 5.0 at various radiation times of 1, 2, 4, 8, 15, 20, 25, 30, 40, 50 
and 60 minutes after synthesis and after stored for one month 
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4.5 Characteristics of silver nanoparticles stabilized by humic acid 

HA is macromolecular which have broad range of molecular weight (MW),  

it’s MW is range from 2,000-500,000 [82]. HA was analyzed with GPC technique.  

The result shows that it has Mw =124,758 g/mol, Mn = 47,594 g/mol and 

polydispersity index = 2.62. HA was prepared as 0.0721 mM at first. However, at this 

concentration, HA cannot completely dissolved. Then 0.0072 and 0.0007 mM HA 

were prepared and their appearances were shown in Figure 4.51. It can be seen that 

0.0072 mM HA solution was too dark to observe the evidence of the formation of 

silver nanoparticles. However, UV-Vis spectroscopy can be evaluated the formation 

of silver nanoparticles in that system. 

 

 

Figure 4.56 Appearances of humic acid solutions at different concentrations 

 
4.5.1 Optical characteristics 

4.5.1.1 Effect of initial pH of humic acid solution 

Figure 4.52 a) shows that the colors of the obtained nanoparticles colloids at 

every pH are dark brown almost the same color as pure 0.0072 mM of HA solution. 

Those colloids were too dark to observe the formation of silver nanoparticles or any 

color change. Figure 4.53 a) shows that there are not much different between  

HA
0.0721

HA
0.0072

HA
0.0007
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UV-Vis spectra of those colloids. Moreover, there are no characteristic peaks of  

silver nanoparticles. These results confirm the above observation. 

Figure 4.52 b) shows that the color of the obtained nanoparticles synthesized 

using 0.0007 mM of HA solution were lighter than those synthesized using 0.0072 mM 

of HA solution. Their color allowed the observation of silver nanoparticles formation.  

However the results show no difference in color of those colloids. Figure 4.53 b) 

shows UV-Vis spectra of those silver nanoparticles colloids. It can be seen that there 

are not much different between the spectra of those colloids. Moreover, there are 

no characteristic peaks of silver nanoparticles.  

 

 
 
Figure 4.57 Appearances of silver nanoparticles colloids synthesized using different 

initial pH of HA solution and two concentrations of HA:  
a) 0.0072 mM and b) 0.0007 mM.      

5.0 6.0 7.0 8.0 9.0

5.0 6.0 7.0 8.0 9.0
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Figure 4.58 UV-Vis spectra of silver nanoparticles colloids synthesized using different 

initial pH of HA solution and two concentrations of HA:   
a) 0.0072 mM and b) 0.0007 mM.         
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4.5.1.2 Role of UV radiation in the synthesis 

Figures 4.54 and 4.55 show that there are no difference among  

the appearances and UV-Vis spectra of the samples synthesized with or without  

UV radiation. There was no clear evidence of silver nanoparticles formation in all  

UV-Vis spectra as shown in Figure 4.55. This may be because the molecular weight of 

HA used in this research is too high; as a result, the functional groups that can reduce 

silver ions are very low compared to other four stabilizers used in this research. 

Though there might be some nanoparticles formed but due to the dark color of HA 

itself and its strong absorbance, the formation of the nanoparticles may be difficult 

to detect.  
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Figure 4.59  Appearances of HA-stabilized silver nanoparticles colloids synthesized at 
pH of 9.0 and 0.0007 mM of HA solution using different light sources:  
a) pure CMC solution, b) at dark, c) natural light (indoor) and d) UV lamp  

 

 
Figure 4.60  UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

at pH of 9.0 and 0.0007 mM of HA solution using different light sources: 
a) pure CMC solution, b) at dark, c) natural light (indoor) and d) UV lamp 
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4.5.2 Morphology 

 TEM images of HA-stabilzed silver nanoparticles using 0.0072 mM of HA 

solution shown in Figure 4.56 indicate that there were silver nanoparticles formed at 

every condition though their characteristic peaks did not appear in UV-Vis spectra. 

However, silver nanoparticles synthesized using pH of 7.0, 8.0 and 9.0 were more 

uniform and smaller than those obtained from the other two conditions.  

This can explained that there are silver nanoparticles formation in the samples but 

probably the absorption of the HA with high intensities block the very low absorption 

intensities of the synthesized silver nanoparticles. However, TEM technique is the 

very powerful sensitivity to detect the very small particles in range of nanosize. 

However, TEM results showed that the samples of the initial pH of HA at 5.0 and 6.0 

were bigger particles and un-uniformity in size. While the samples of the initial pH of 

HA at 8.0 and 9.0 showed smaller size particles with uniformity. This can be 

concluded that at alkali condition the formation of silver nanoparticles in  

the presence of HA was faster than the acidic condition. This can be explained with 

the acid dissociation equilibrium as mention before. When HA dissociated into 

anionic species in the condition of less hydrogen cations, it can be easily give 

electron to silver ions than its neutral form. 
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. 

Figure 4.61 TEM images of HA-stabilized silver nanoparticles colloids synthesized 
using 0.0072 mM of HA solution 
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5.2 Stability 

The stability of HA-synthesized silver nanoparticles was observed after one 

month storage. Figure 4.57 b1) shows that at 0.0072 mM of HA, silver nanoparticles 

colloids exhibit no significant change in their colors due to the dark color of HA 

solution itself. However, UV-Vis measurement indicates a slight change in  

the absorption spectra. The silver nanoparticles synthesized at pH of 5.0, 6.0, 7.0, 8.0 

and 9.0 exhibit small characteristic peaks at 425, 450, 450, 421 and 425 nm, 

respectively, as shown in Figure 4.58. This can be concluded that there were  

silver nanoparticles formed during storage.  

 
Figure 4.62  Appearances of HA-stabilized silver nanoparticles colloids after synthesis 

and after stored for one month 
Figure 4.57 b2) shows that silver nanoparticles colloids synthesized with 0.0007 

mM of HA solutions, after stored for one month, exhibit significantly change in color. 

UV-Vis spectra confirm this change as shown in Figure 4.59. All samples show  

the characteristic peaks around 420 nm. However, the absorbance intensities increase 

with increasing initial pH of HA solution. This may be due to the acid dissociation 

equilibrium as mentioned before that higher pH condition generated dissociated HA 

as anionic HA and this anionic form can reduce silver ions faster than the neutral 

form [93].   
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Figure 4.63  UV-Vis spectra of HA-stabilized silver nanoparticles colloids 

synthesized using 0.0072 mM of HA solution after synthesis and after 
stored for one month 
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Figure 4.64 UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

using 0.0007 mM of HA solution after synthesis and after stored for 
one month  
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4.6 Herbicide sensing ability of silver nanoparticles 

4.6.1 Sensing to pyrazosulfuron-ethyl herbicide  

The appearances of some silver nanoparticles colloids after mixing with various 

amounts of PSE herbicide as 0, 50, 100, 200 and 400 ppm are shown together with 

their UV-Vis spectra in Figures 4.60 to 4.77.  

 

 

Figure 4.65 Appearances of TA-stabilized silver nanoparticles colloids synthesized 
using initial pH of 6.0 and MR of 10:1 exposed to various amount of  
PSE herbicide (ppm) 

 
Figure 4.66 UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 10:1 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.67 Appearances of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.68 UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.69 Appearances of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.70 UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 



 

 

120 

 
Figure 4.71 Appearances of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.72  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.73 Appearances of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.74 UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.75 Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.76 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.77 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure 4.78 UV-Vis spectra of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 
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Figure 4.79 Appearances of CS-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0, radiation time of 4 mins and MR of 1:10 exposed to 
various amount of PSE herbicide (ppm)  

 

 
Figure 4.80 UV-Vis spectra of CS-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0, radiation time of 4 mins and MR of 1:10 exposed to 
various amount of PSE herbicide (ppm) 
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Figure 4.81 Appearances of HA-stabilized silver nanoparticles colloids synthesized 

using 0.0007 mM of HA at initial pH of 6.0 exposed to various amount of 
PSE herbicide (ppm) 

 

 
Figure 4.82 UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

using 0.0007 mM of HA at initial pH of 6.0 exposed to various amount of 
PSE herbicide (ppm) 
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The above results suggest that only TA-stabilized silver nanoparticles in acidic 

condition exhibit sensing ability to PSE herbicide. The following discussion is 

explained about this phenomenon. 

PSE is one of sulfonylurea herbicides. They were weak acids and have pKa 

values ranging from 3 to 5. These herbicides typically exist in neutral form at pH 

levels above pKa. Therefore, they are anionic in most agriculture soils and the 

relative concentrations of the neutral form are greatest in soil of low pH [94],  

their acid dissociation equilibrium is showed as the following equation [95, 96]. 

R1 – SO2 – NH- CO – NH – R2   ↔   [R1 – SO2 – N - CO – NH – R2 ]
-  +  H+…(eq. 4.4) 

Then PSE exists as an equilibrium mixture of neutral form and dissociated form as 

shown in Figure 4.78. 

( eq. 4.5 ) 

Figure 4.83 Dissociation of pyrazosulfuron-ethyl acid  
 

Several studies showed that sulfonylurea herbicide is pH-dependent [97].  

The sulfonylurea herbicide can be hydrolysis in acidic condition. These compounds 

hydrolyze more rapidly in water at acidic pH but remained stable in neutral solution 

[96, 97] the mechanism of hydrolysis under mild acidic condition is cleavage of 

sulfonylurea bridge, producing CO2 and the sulfonamide and heterocyclic amine as 

shown in following equation [96].   

  R1 – SO2 – NH- CO – NH – R2   ↔   R1 – SO2 – NH2  +   R2 – NH2  + CO2   …( eq. 4.6 ) 
 

-
+   H+

Neutral form Dissociated form
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Previous works revealed that hydrolysis of PSE in aqueous solution was much 

faster in acidic than under neutral [98] and the suggested mechanism was shown in 

Figure 4.79. Moreover, it was reported that sulfonylurea exist as an equilibrium 

mixture of the neutral form and dissociated form less subject to the hydrolysis 

reaction [96, 98]. 

 

 ( eq. 4.7 ) 
Figure 4.84 Hydrolysis of pyrazosulfuron-ethyl herbicide 

 
The products of the hydrolysis of PSE were two primary amines which were 

primary sulfonamide and heterocyclic amine. Moreover, primary amine was 

concerned as a basic substance. However, the primary sulfonamide generally was 

concerned as relatively unreactive compounds [99]. Moreover heteroclic amine was 

concerned as a basic substance. These are considered using the Bronsted-Lowry 

theory of acids and bases - the base is a hydrogen ion acceptor [100]. Then the 

heterocyclic amines are probably accepted hydronium ions in acidic condition as 

shown in Figure 4.80. And these heterocyclic amines showed the interaction with the 

TA stabilized silver nanoparticle and made the color of the silver nanoparticles 

changed. Figure 4.81 showed the schematic of the interaction between TA stabilized 

silver nanoparticles and heterocyclic amines. 
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  ( eq. 4.8 ) 
Figure 4.85 Reaction showing the role of heterocyclic amine as basic substance. 

 

   
Figure 4.86  Schematic interaction between pyrazosulfuron ethyl and TA-stabilized 

silver nanoparticles.   (TA= Tannic acid, PSE= pyrazosulfuron ethyl,  
B+= cationic of heterocyclic amine). 

 

TA is natural weak acid, polyphenol plant extract, macromolecule [43].  

While it act as stabilizer, it has to turn nonpolar part toward silver nanoparticles and 

let the ionic part outside the particles. To be polyphenol substance, TA will turn 

polyphenol outside of the nanoparticles to make the particles stable in aqueous 

solution. However TA has a pKa value between seven and eight [43].  

Then it dissociated at pH above pKa. At acidic condition TA stay in neutral form with 

their polyphenol groups. 

The schematic represents how PSE interacts with silver nanoparticles is shown 

in Figure 4.78. When PSE stays in acidic solution, it is hydrolyzed as mentioned 

N

N

OCH3

OCH3

H2N
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before. Then the cationic hetercyclic amines surround the TA stabilized silver 

nanoparticles with the electrostatic attraction. This probably resulted in formation of 

the bigger nanoparticles. This made UV-Vis spectra showed that the original peak was 

decreased and a new peak formed at the longer wavelength due to bigger particles 

formation.   

It can be seen that there were two different patterns of color shifted of  

the synthesized silver nanoparticles. Figure 4.62 and 4.66, silver nanoparticles 

synthesized with MR 1:1, with initial pH of tannic acid at 6.0 and 5.0, changed their 

color from bright yellow to red, and yellow to bluish green.  Moreover, the 

differences between silver nanoparticles synthesized with initial pH of TA at pH of 5.0 

and 6.0 changed after added PSE solutions were explained with the increasing in 

acidic condition. Consequently, increasing in acidic condition of silver nanoparticles 

(pH 5.0) made more amount of heterocyclic amine. This yields a denser layer of 

heterocyclic amine on the surface of silver nanoparticles, which showed in UV-Vis 

spectra shifted to longer wavelength at 640 nm while the UV-Vis spectra of the pH of 

6.0 samples shifted to the wavelength of 550 nm. These results can be confirmed 

with TEM images which show that after exposed to 400 ppm of PSE herbicide 

solution, the nanoparticles of pH of 5.0 are bigger than the nanoparticles of pH of 6.0 

as shown in Figure 4.82. 
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Figure 4.87 TEM images of TA-stabilized silver nanoparticles synthesized using molar 

ratio of TA to silver ions at 1:1 with different initial pH of TA after 
exposed to 400 ppm of PSE herbicide; a) pH of 6.0 and b) pH of 5.0 

 
However, with MR 1:10, for TA-stabilized silver nanoparticles at pH of 6.0, as 

amount of PSE herbicide increased, the original peak around 420 nm decreased.  

A new shoulder appears around 500-600 nm as shown in Figure 4.65. However, it was 

shown that without any of PSE herbicide in this sample, its UV-Vis spectrum exhibits 

a shoulder around 460-570 nm, while sample of MR 1:1 pH of 6.0, has no this 

shoulder. This phenomenon was also observed in the sample of MR 1:10 at pH of 5.0 

compared to their MR 1:1. These resulted in dull color of the samples on MR 1:10 

than MR 1:1. From those results, it can be concluded that the best synthesized silver 

nanoparticles that showed the ability to be PSE herbicide detection application was 

the sample synthesized in the presence of TA with MR of 1:1 at pH of 6.0.  

However, it can be explained how the silver nanoparticles stabilized with other 

stabilizers were not show the sensing ability to PSE herbicide. It is because the other 

stabilizers are macromolecules with long chain structures. These phenomena were 

probably occurred as in the case of high amount of TA as in MR 10:1 samples which 

were very good stabilized silver nanoparticles. Therefore, the heterocyclic amines 

50 nm 50 nm

a) b)
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from PSE hydrolyzation cannot affect those silver nanoparticles as shown in  

Figures 4.70 – 4.77. 

 

4.6.2 Sensing to paraquat herbicide 

The appearance of the silver nanoparticles colloids exposed to various 

amounts of PQ herbicide as 0, 50, 100, 200 and 400 ppm are shown together with 

their UV-Vis spectra in Figures 4.83 to 4.92. It can be seen that TA-stabilzed silver 

nanoparticles synthesized at initial pH of 6.0 with MR of 1:1 and PMA-stabilzed  

silver nanoparticles synthesized at initial pH of 6.0 MR1:10 show good respond to  

PQ herbicide solution. Their color changes are easily detected by eye as shown in 

Figure 4.83 and 4.85, respectively. 

For TA-stabilized silver nanoparticles sample of pH 6.0 MR 1:1, the color of  

the mixtures changed from yellow to darker orange to lighter orange. The UV-Vis 

spectra showed that as PQ increased to 50 ppm, the original peak around 420 nm 

was decreased and a new peak appeared around 440-500 nm. This may be because 

there were PQ2+ ions surrounded on TA-stabilized silver nanoparticles which showed 

anionic part of polyphenol groups on their surface. This case is different from PSE 

sensing of the same sample. UV-Vis spectra of PQ sensing test showed that the 

original peaks were decreased and shifted to the longer wavelength, there were no 

new peaks showing up as in PSE sensing results because there were no new particles 

formed as in PSE sensing test. 

Figure 4.83 shows that after adding more amount of PQ, the absorbance peak 

shifted to the shorter wavelength because more amount of PQ increased the cations 

of PQ2+ in the mixture. This is probably caused higher electrostatic repulsion to  

the silver nanoparticles surrounded with PQ2+ and this causes the contraction of  

the particles. However, when PQ concentration was increased to 400 ppm,  

UV-Vis spectra showed lower peak intensity. 
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Figure 4.88   Appearances of TA-stabilized silver nanoparticles colloids synthesized 
using initial pH of 6.0 and MR of 1:1 exposed to various amount of  
PQ herbicide (ppm) 

 

 
Figure 4.89  UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:1 exposed to various amount of  
PQ herbicide (ppm) 
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Figure 4.90  Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 

 

 
 
Figure 4.91  UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 
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Figure 4.92 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 

 
 

 
Figure 4.93 UV-Vis spectra of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 6.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm).  
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Figure 4.94 Appearances of CS-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0, radiation time of 4 mins and MR of 1:10 exposed to 
various amount of PQ herbicide (ppm) 

 

 
Figure 4.95 UV-Vis spectra of CS-stabilized silver nanoparticles colloids synthesized 

using initial pH of 5.0, radiation time of 4 mins and MR of 1:10 exposed to 
various amount of PQ herbicide (ppm)  
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Figure 4.96 Appearances of HA-stabilized silver nanoparticles colloids synthesized 

using 0.0007 mM of HA at initial pH of 6.0 exposed to various amount of 
PQ herbicide (ppm) 

 

 
Figure 4.97 UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

using 0.0007 mM of HA at initial pH of 6.0 exposed to various amount of 
PQ herbicide (ppm) 
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For PMA-stabilized silver nanoparticles synthesized using pH of 6.0 and MR of 

1:10, the absorbance spectra of the nanoparticles colloids shifted upon mixing with 

PQ herbicide and the color of the mixtures changed from purple to yellow.  

The changes of the absorbance spectra can be monitored as a function of the PQ 

herbicide content. The absorbance characteristic peak shifted from 512 to 472, 442, 

370 and 370 nm, respectively, as amount of PQ increased from 0, 50, 100, 200 and 

400 ppm. It can be seen that the initial absorbance peak intensity at 512 nm 

decreases and is replaced with another peak appearing at the shorter wavelength 

position as PQ herbicide content is increased. This can be explained with the particle 

at 512 nm decreased and the formation of the particles around 350 to 400 nm more. 

Which can be confirmed with smaller particles after exposed to the PQ herbicide. 

TEM images in Figure 4.93 shows that after exposed to 400 ppm of PQ herbicide 

solution, the size of PMA- stabilized silver nanoparticles synthesized using MR of 1:10 

at initial pH of PMA at 6.0 is smaller than the original size. Moreover, their shape 

changes from nanorod to mostly spherical shape as shown in the same figure. 
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Figure 4.98 TEM images of PMA stabilized silver nanoparticles synthesized with molar 
ratio of PMA to silver ions at 1:10 with initial pH of PMA at 6.0 after 
exposed to PQ herbicide; a) 0 ppm and b) 400 ppm 

 
This sensing mechanism can be explained with charge-transfer interactions at 

nanoparticles surface [13]. Instead of the nanoparticles aggregation as the results of  

PSE sensing test with TA stabilized silver nanoparticles, PQ sensing test showed 

different pattern. Previous worked reported that metal ions can interact with  

ionic pesticides/herbicides such as PQ by an ion-exchange mechanism for example,  

Ca-Smecite exchanges with PQ as followed [101, 102].  

 ( eq. 4.9 ) 

As mentioned in the section of PMA-stabilized silver nanoparticles,  

the unreacted silver ions adsorbed on the surface of the silver nanoparticles and 

formed Ag+/COO- complex with carboxylic groups of PMA adjacent to silver atom 

cluster. When PQ herbicide solution was added to these colloids, silver ions were let 

go from COO- on the surface of the nanoparticles. This resulted in the decreased of 

Ag+/COO- complexes that formed on the surface of silver nanoparticles before.  

It can be seen that this complexes decreased as the absorbance intensity at 512 nm 
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decreased as shown in Figure 4.86. Then the sensing mechanism of PMA-stabilized 

silver nanoparticles to PQ herbicide could be charge-transfer interactions at 

nanoparticles surface. Moreover, the results indicate that there were new 

nanoparticles formed as can be seen by an increase in the intensities at  

the wavelength around 350-400 nm. This may be due to the reduction of free silver 

ions after charge transfer with PQ2+. This can be illustrated as shown in Figure 4.94. 

  

 

Figure 4.99 The illustration of the charge-transfer interaction at nanoparticles surface 
between PMA-stabilized silver nanoparticles and PQ herbicide. 

 
From those results, it can be concluded that the best synthesized  

silver nanoparticles that show sensing ability to PQ herbicide was the sample 

synthesized in the presence of PMA with MR of 1:10 at pH of 6.0. This is because  

the color change of PMA-stabilized silver nanoparticles from purple to yellow was 

easier to detect with naked eye than the color change of TA-stabilized  

silver nanoparticles which was from yellow to orange.  
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CHAPTER V  
CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

This research emphasized on the synthesis of silver nanoparticles using  

UV irradiation in the presence of five stabilizers. The optical characteristics,  

the morphology and the herbicide sensing ability of the synthesized silver 

nanoparticles were studied. Their stability after one month storage was also 

investigated. The results can be concluded as follows. 

1. Successful synthesis of silver nanoparticles using 8 watts of UV irradiation 

was developed. The size, shape and amount of the nanoparticles can be controlled 

by selecting the suitable stabilizers, adjusting the pH of the stabilizer solution,  

and adjusting the molar ratio of the stabilizer to silver ions.  

2. When the type of the stabilizer was considered, the stabilizers having lower 

molecular weight (TA, PMA) can reduce silver ions to silver nanoparticles without  

the assistance of UV irradiation at specific pH. However, using UV irradiation 

promoted the reduction of silver ions in to silver nanoparticles at every pH.  

On the other hand, it was necessary to use UV irradiation when the stabilizers having 

high molecular weight such as CMC and CS were employed in order to assist  

the synthesis. In the case of HA, since its molecular weight was too high,  

UV-Vis spectra of the obtained nanoparticles did not show the characteristic peak but 

their formation was confirmed by TEM images indicating very low amount of  

silver nanoparticles was formed even though UV irradiation was applied.   

It was found that type of stabilizer affected the size and shape of the obtained 

nanoparticles. While using TA, PMA and HA resulted in only spherical particles,  

using CMC resulted in spherical and trigonal particles. On the other hand, spherical 

and rod-like particles were found when chitosan was used. In addition, it was found 
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that the reduction of the silver ions still occurred after finish UV irradiation for  

all stabilizers.  

3. For studying the effect of the pH of stabilizer solution, CS was not used in 

the study since it can only dissolve at pH of 5.0. It was found that when TA, PMA, 

CMC and HA were used, the higher formation of the silver nanoparticles was 

achieved with increasing initial pH of stabilizer solution. In addition, it was observed 

that more uniform and smaller spherical nanoparticles were mostly obtained  

when pH of 8.0 and 9.0. At specific condition such as using initial pH of PMA solution 

at 6.0 with MR 1:10 resulted in the nanoparticles having the mixture of rod-like shape 

and spherical shape.  

The effect of the pH of stabilizer solution on the stability of the obtained 

nanoparticles was associated with the type of the stabilizer. This is due to the fact 

that each stabilizer has its own characteristics when it dissolves in acidic, neutral or 

alkali conditions. Most of the results indicated that the nanoparticles obtained  

when low pH of stabilizer solutions was used showed higher stability than those 

obtained from other pH conditions. The reduction of the silver ions still occurred 

after finish UV irradiation especially when the initial pH of 8.0 and 9.0 were used.  

4. For studying the effect of the molar ratio of stabilizers to silver ions, only TA 

and PMA which are low molecular weight stabilizers were applied due to their ease 

of dissolving when higher amounts were used. It was found that for TA-stabilized 

silver nanoparticles, their size increased with increasing the amount of TA except for 

those of pH 8.0 and 9.0. All the samples were in spherical shape. 

On the other hand, different MR resulted in different morphology of  

PMA-stabilized silver nanoparticles. While the silver nanoparticles obtained with MR 

of 10:1 showed the bigger size compared to the others, the silver nanoparticles 

obtained with MR of 1:1 were the smallest particles. For MR of 1:10, most of  
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the obtained nanoparticles had spherical shape except for those synthesized at pH 

of 6.0 which exhibited rod-like and spherical shapes.  

It was also found that increasing the molar ratio of TA or PMA to silver ions 

resulted in poor stability of the obtained nanoparticles. Especially in the case of 

PMA-stabilized silver nanoparticles synthesized using MR of 10:1 at most of the pH 

conditions except for 5.0, the sediments were observed after one month storage.   

5. The suitable conditions for synthesizing silver nanoparticles were determined 

based on their stability after one month storage and their characteristics of being 

silver nanoparticles such as color and size. It was found that the suitable conditions 

were at pH of 6.0 when TA was used as a stabilizer at MR of 1:1 and at pH of 6.0 

when PMA was used as a stabilizer at MR of 1:10.  

6. Two criteria were used to determine the highest sensing ability to herbicide 

solution of the obtained nanoparticles. First criterion was that the color of the silver 

nanoparticles colloids must be significantly changed and can be easily observed by 

naked eye. Second criterion was that those color changed can be confirmed  

by UV-Vis spectroscopy. The sample that exhibited the highest sensing ability to PSE 

herbicide was the silver nanoparticles synthesized in the presence of TA with MR of 

1:1 at pH of 6.0. On the other hand, the sample that showed the highest sensing 

ability to PQ herbicide was the silver nanoparticles synthesized in the presence of 

PMA with MR of 1:10 at pH of 6.0. 

The above results suggest that the silver nanoparticles obtained from this 

environmental friendly synthesis using UV irradiation combined with a stabilizer that 

can also act as a reducing agent can be applied for sensing of various types of 

herbicide by selecting a stabilizer, pH of the stabilizer and its molar ratio to silver 

ions which are suitable for each herbicide.  
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5.2 Recommendations 

Based on above conclusions, the following topics were recommended for 

further study. 

1) The possibility of using the silver nanoparticles stabilized by TA for 

detection of other chemicals might be studied. 

2) The possibility of using the silver nanoparticles stabilized by PMA for 

detection of other chemicals might be studied. 
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APPENDIX A 

Table A-1 List of abbreviations 
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APPENDIX B 

 
Figure B-1  Appearances of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 7.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure B-2 UV-Vis spectra of TA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 7.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm).  
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Figure B-3 Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 7.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 

 

 
Figure B-4 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 7.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm).  
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Figure B-5 Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 

 
 

 
Figure B-6 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm).  
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Figure B-7 Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of87.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure B-8 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm).  
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Figure B-9  Appearances of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:1 exposed to various amount of  
PQ herbicide (ppm) 

 
 

 
Figure B-10 UV-Vis spectra of PMA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:1 exposed to various amount of  
PSE herbicide (ppm).  
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Figure B-11 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm) 

 
 

 
Figure B-12 UV-Vis spectra of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:10 exposed to various amount of  
PSE herbicide (ppm).  
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Figure B-13 Appearances of CMC-stabilized silver nanoparticles colloids synthesized 

using initial pH of 8.0 and MR of 1:10 exposed to various amount of  
PQ herbicide (ppm) 

 
 

 
Figure B-14  UV-Vis spectra of CMC-stabilized silver nanoparticles colloids 

synthesized using initial pH of 8.0 and MR of 1:10 exposed to various 
amount of PQ herbicide (ppm).  
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Figure B-15 Appearances of HA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 9.0 with 0.009 %w/v HA solutions exposed to various 
amount of PSE herbicide (ppm) 

 
 

 
Figure B-16 UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 9.0 with 0.009 %w/v HA solutions exposed to various 
amount of PSE herbicide (ppm).  
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Figure B-17 Appearances of HA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 9.0 with 0.009 %w/v HA solutions exposed to various 
amount of PQ herbicide (ppm) 

 

 
Figure B-18 UV-Vis spectra of HA-stabilized silver nanoparticles colloids synthesized 

using initial pH of 9.0 with 0.009 %w/v HA solutions exposed to various 
amount of PQ herbicide (ppm).  
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