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CHAPTER   I 
 

INTRODUCTION 
 
1.1 Statement of the Problem  
 
            Various metals and their compounds have been involved in the production 
process and in the industrial activities in Thailand. Mercury is almost used in 
petroleum industry, electricity, paper production and as amalgam material for dental 
restoration. Silver is used in electronic, batteries and silver jewelry industry. These 
industries are important for the economy of the country, but they could also cause the 
environmental problems, such as the contamination of these heavy metal ions in water 
which is one of the serious environmental problems. The heavy metals, especially 
mercury, in water resource are harmful to human life even at low concentration. 
Furthermore, several metals such as silver and gold are considered as precious metal of 
high economic value. Therefore, the extraction of mercury ions and the recovery of 
silver ions from wastewater are necessary.  
 
           There are several methods for extraction and recovery of heavy metals from 
wastewater such as chemical precipitation, coagulation, ion exchange, solvent 
extraction and extraction with various adsorbents such as clay [1], silica gel [2-3], 
activated carbon [4-5], resins [6-7] and magnetic particles [8-10]. Recently, the 
extraction with adsorbents is widely used to recover heavy metal ions from 
wastewater. Among the widely studied adsorbents, magnetic particles have drawn a lot 
of interest due to their high surface area, high temperature resistance, ion exchange 
mechanism and good dispersion in both aqueous and organic solvents. The hydroxyl 
groups on the magnetic particles surface could be used to extract the metal ions via ion 

http://en.wikipedia.org/wiki/Amalgam_(dentistry)
http://en.wikipedia.org/wiki/Dental_restoration
http://en.wikipedia.org/wiki/Dental_restoration
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exchange mechanism [11-12]. However, the disadvantages of the magnetic particles 
when used as adsorbent to extract heavy metal ions are the low stability in acidic 
solution and low selectivity toward the metal ions. To overcome these disadvantages, 
the surface of magnetic particles is coated with polymer and subsequently modified 
with chelating ligand to increase the stability in acid and the selectivity for soft heavy 
metals e.g. Hg and Ag.  
 
             In this thesis, synthesized magnetic particles were coated with polystyrene via 
atom transfer radical polymerization (ATRP) and modified with 2-(3-(2-amino 
ethythio)propylthio)ethanamine (AEPE) to improve the extraction efficiency and 
selectivity toward mercury and silver ions due to the presence of both sulfur and 
nitrogen donor atoms in its structure that can extract mercury(II) and silver(I) ions via 
coordination.    
  

1.2 Objectives of this thesis 
   
             The objectives of this research are listed below. 
 

 (1)      To synthesize and characterize a new adsorbent, the polystyrene-coated 
magnetic particles modified with 2-(3-(2-aminoethylthio)propylthio)ethanamine,  

 (2)   To study the effect of extraction parameters in order to obtain the 
suitable condition in Hg(II) and Ag(II) extraction, 

 (3) To apply the synthesized adsorbent to extract mercuric(II) and silver(I) 
ions in real water sample.  
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1.3 Scope of this thesis 
 

CoFe2O4 magnetic particles are synthesized via co-precipitation. The initiator is 
synthesized and grafted on magnetic particles surface. Then, the polymerization of 
polystyrene on the surface of magnetic particles is performed via atom transfer radical 
polymerization. Finally, the chelating ligand (AEPE) is synthesized and functionalized 
on the polymer coating of the particles.  

The ligand is characterized by nuclear magnetic resonance spectrometer 
(NMR). The polystyrene-coated magnetic particles modified with AEPE are 
characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction 
spectroscopy (XRD), scanning electron microscope (SEM), thermogravimetric 
analysis (TGA), and surface area analysis. Finally, the polystyrene-coated and AEPE-
modified magnetic particles are used as adsorbent in the extraction of mercuric(II) and 
silver(I) ions in aqueous solution using batch method. 

In metal ions extraction, effect of pH of metal ions solution, extraction time, 
ionic strength, coexisting ions, adsorbent dose, eluent and elution time are studied for 
both metal ions. The adsorption isotherm and adsorption kinetics are investigated. 
Moreover, the adsorbent was applied to extract mercuric(II) and silver(I) ions in real 
water sample. The concentrations of mercury and silver ions in solution are determined 
by cold vapor atomic absorption spectrometer (CVAAS) and flame atomic absorption 
spectrometer (FAAS), respectively.  
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1.4 The benefits of this research   
 

To obtain a novel adsorbent derived from magnetic particles that could be used 
as efficient adsorbent in the extraction of mercury(II) and the recovery of silver(I) ions 
in aqueous solution and real wastewater samples. 

 



CHAPTER II 
 

THEORY AND LITERATURE REVIEW 
 
2.1     Magnetic material  
 
             The mixed-metal oxides of formula MFe2O4 (M: divalent metals) with cubic 
spinel structure are magnetic materials which have been extensively used in various 
applications in the past decades [13]. The magnetic structure is composed of two 
magnetic sublattice (called A and B) separated by oxygen atoms as shown in Figure 
2.1. The magnetic moments of A and B sublattices are not equal resulting in a net 
magnetic moment. The oxygen atoms are close packed in a cubic arrangement and the 
smaller cations fill in the gaps. The gaps are classified in two types which are 
tetrahedral sites and octahedral sites, A and B, respectively. The spins on the A 
sublattices are antiparallel to those on the B sublattices resulting in the very difference 
of magnetic moment between the two crystal sites. The particular swap between 
cations on the A and B sublattices lead to an inverse spinel structure. By the A and B 
sublattices exchange interaction, the net magnetic moment depends on the B-site [13].       

    

 
 

Figure 2.1 The two magnetic sublattices A and B of spinel magnetic material [13]. 
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             Magnetite (Fe3O4) is a well known magnetic material. Furthermore, it is 
considered as ferromagnetic until Néel provided the theoretical framework for 
understanding ferromagnetism in the 1940's [13]. The details of magnetic materials are 
described below.  
 

      2.1.1 Spinel structure of magnetic material  
 
                  Spinel is the main structure of mixed-metal oxides, which has the general 
chemical composition of AB2O4. Normally, A is a divalent atom of radius between 80 
and 110 pm, such as Mg, Fe, Mn, Zn, and Cu and B is a trivalent atom of radius 
between 75 and 90 pm, such as Ti, Fe, Al, and Co. The structure consists of a cubic 
closed-packed array of 32 oxide ions, which form 64 tetrahedral holes and 32 
octahedral holes in one unit cell that contains eight formula units ((AB2O4)8) [14]. 
There are two types of sub-cells commonly described for the spinel structure. Figure 
2.2a and 2.2b show occupied tetrahedral site and occupied octahedral site in spinel 
sub-cell, respectively. Structure 2.2a shows the filling of 2 tetrahedral sites within 1/8 
of the unit cell and structure 2.2b shows a filled octahedral site. Spinel structure can be 
devided into two types: normal and inverse spinel. In a normal spinel structure of 
formula AB2O4 with A atoms in the tetrahedral sites and B atoms in the octahedral 
sites, all the trivalent cations are located in half the octahedral sites, while all the 
divalent cations occupy 1/8 of the tetrahedral sites. In contrast, the inverse spinel is an 
alternative arrangement where half of the trivalent cations swap with the divalent 
cations so that the divalent cations occupy octahedral sites. Therefore, the inverse 
spinels have half of B atoms in the tetrahedral sites and both A and half of B atoms in 
the octahedral sites. The formula of an inverse spinel is B(AB)O4. 
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(a)  (b) 

Figure 2.2 Occupied tetrahedral sites in spinel sub-cell A (a) and occupied octahedral 
site in spinel sub-cell B (b) [15]. 
 

      2.1.2 Magnetite (Fe3O4)  
 
                   The magnetite (Fe3O4) or ferrous ferrite is an inverse spinel magnetic 
material. The chemical IUPAC name is iron(II,III) oxide and the common chemical 
name is ferrous-ferric oxide. The formula of magnetite may also be written as 
FeO·Fe2O3, which is one part wüstite (FeO) and one part hematite (Fe2O3). Cations are 
arranged with one Fe3+ per tetrahedral hole, and Fe2+ and the remaining Fe3+ randomly 
distributed in the octahedral holes. Therefore, half of the smaller cations (Fe3+) place in 
the smaller tetrahedral sites while the larger Fe2+ cations in the larger octahedral sites 
[16]. The inverse structure of magnetite was first suggested with the fast electron 
hopping-continuous exchange of electrons between Fe2+ and Fe3+ in the octahedral 
positions [16]. It has been proposed recently that the magnetite structure should instead 
be described with Fe2.5+ in the octahedral site at the ambient conditions to make the 
electron delocalization more obvious [17]. Figure 2.3 shows the inverse spinel 
structure of magnetite.   

http://wikis.lib.ncsu.edu/index.php/Image:Bbbbb.png
http://wikis.lib.ncsu.edu/index.php/Image:Ccccc.png
http://en.wikipedia.org/wiki/IUPAC
http://en.wikipedia.org/wiki/Iron(II,III)_oxide
http://en.wikipedia.org/wiki/W%C3%BCstite
http://en.wikipedia.org/wiki/Hematite
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Figure 2.3 Inverse spinel structure of  
magnetite [15]. Red atoms represent oxygen, 
blue and green represent iron in different 
colors for tetrahedral and octahedral sites. 

 

      2.1.3 Cobalt ferrite  
 
                  The cobalt ferrite (CoFe2O4) has an inverse spinel crystal structure. As 
mentioned previously, the normal crystal structure of spinel consists of the A2+ atoms 
occupying all of the tetrahedral coordination sites and the B3+ atoms occupying all of 
the octahedral sites [15]. In the case of an inverse spinel of CoFe2O4, the Co cations 
occupy a half of the octahedral coordination sites and Fe3+ cations occupy the other 
half of the octahedral coordination sites as well as all of the tetrahedral coordination 
sites. CoFe2O4 is a well-known hard magnetic material with high coercivity, great 
physical and chemical stability and moderate magnetization [18]. The crystal structure 
of CoFe2O4 is shown in Figure 2.4. 
 

              

Figure 2.4 Inverse spinel structure of cobalt 

ferrite [15]. Green atoms are Co, pink atoms 
are Fe, and blue atoms are O. 

 
                  Among various ferrites, CoFe2O4 is of particular interest because of its 
remarkable properties like high anisotropy constant (2.65 × 106 – 5.1 × 106 erg cm-3) 
[19, 20], reasonable saturation magnetization (Ms = 80 emug-1) [21], high 

http://wikis.lib.ncsu.edu/index.php/Image:RHmagnetite.png
http://wikis.lib.ncsu.edu/index.php/Image:Size21.png
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electromagnetic performance [22], excellent chemical stability, mechanical hardness, 
and high cubic magnetocrystalline anisotropy [23]. Different preparation techniques 
have been developed to produce CoFe2O4 particles, such as combustion reaction [24], 
microemulsion [25, 26], hydrothermal [27], thermal decomposition [28], polyol-
process [29], and co-precipitation method [30, 31]. The co-precipitation technique is 
one of the most convenient and versatile methods [32].  
 

      2.1.4 Properties and advantages of magnetic particles 
 
                  The use of magnetic particles offers a fast and efficient mean of separation 
the particles from the supernatant. The separation can be realized in a few minutes 
using commonly available lab magnets or external magnetic field. The special 
properties and advantages of the magnetic particles are listed below [33].  
 

         -  They can be easily dispersed after attraction to a magnetic field. 
         -  The particles are compatible with both aqueous and organic solutions. 

                   -  They have uniform surface area for coatings. 
                   -  They provide high capacity of functional groups after functionalization.  
 

                   Regarding their properties and advantages, magnetic particles are used in 
various applications. Magnetic particles are commonly used as the primary material in 
jewelry worn for the controversial alternative medicine practice of magnet therapy 
[34]. Furthermore, magnetic particles can be applied as adsorbents or used as solid 
support to prepare the selective functionalized adsorbents. On the other hand, magnetic 
particles have some drawback such as the easy dissolution in acidic solution. In this 
study, this problem was solved by coating polystyrene on the magnetic particles 
surface via atom transfer radical polymerization (ATRP).  
 

http://en.wikipedia.org/wiki/Alternative_medicine
http://en.wikipedia.org/wiki/Magnet_therapy
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2.2 Atom transfer radical polymerization [35, 36] 

 
            Atom transfer radical polymerization (ATRP) is a controlled/“living” 
polymerization system. ATRP is based on a reversible transfer of halogen atom 
between a low concentration of growing radicals and a dormant species. Reactivation 
of the dormant species allows the polymer chains to grow and deactivate again. The 
overall reaction of ATRP is shown in Figure 2.5. The radical formation occurs when 
transition metal catalyst activates the organic initiator or dormant species by 
abstracting the halide at the chain end. The control of the polymerization afforded by 
ATRP is a result of the formation of radicals that can grow, but are reversibly 
deactivated to form dormant species. Reactivation of the dormant species allows the 
polymer chains to grow again, only to be deactivated later. Under appropriate 
conditions, the contribution of termination is small. This process results in a polymer 
chain that slowly but steadily grows and has a well-defined end group which usually is 
an alkyl halide. The initiator is generally a simple and commercially available alkyl 
halide. The catalyst is a transition metal that is complexed by one or more ligands. The 
catalyst does not need to be used in a one-to-one ratio with the initiator but can be used 
in a much smaller amount. The deactivator can be formed in situ, or for better control, 
a small amount (relative to the catalyst) can be added. Additionally, the catalyst is 
tolerant of water and trace amounts of oxygen. By ATRP, polymers with controlled 
molar masses and small polydispersities can be obtained. ATRP is capable of 
polymerizing wide variety of monomers and is tolerant of trace impurities, thus ATRP 
is readily applicable to industrial processes.  
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                                        R-X =  dormant species 
                                           R⋅ =   active species 
                                          kact  =  rate constant of  forward activation reaction 
                                        kdeact =  rate constant of  reverse deactivation reaction 
                                            kp =  rate constant of  propagation in ATRP  

 

   Figure 2.5 The overall reaction of atom transfer radical polymerization (ATRP) [36]. 

 
2.3 Components of atom transfer radical polymerization [36] 

 
            As a multicomponent system, ATRP is composed of monomer, initiator with a 
transferable halogen atom and catalyst which is a complex of a transition metal species 
with a suitable ligand. For the success of ATRP, the other factors such as solvent and 
temperature must be used suitably in the reaction. 
 

        2.3.1 Monomers 
 

                    A variety of monomers have been polymerized by ATRP such as styrene, 
acrylate, acrylamide, acrylonitrile and their derivatives containing substituents that can 
stabilize the propagating radicals [37, 38]. Even under the same condition, each 
monomer has its own unique atom transfer equilibrium constant for its active and 
dormant species. In the absence of side reactions other than radical polymerization, the 
equilibrium constant (Keq = kact/kdeact) determines the polymerization rate. ATRP occurs 
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slowly if the equilibrium constant is low. In contrast, the too high equilibrium constant 
will lead to the large extent of termination because of high radical concentration. Each 
monomer possesses its own intrinsic radical polymerization rate. Therefore, for each 
monomer, the radicals should have suitable concentration and the rate of radical 
deactivation should be adjusted to maintain polymerization control. For each 
monomer, the initiator and catalyst used should not cause the too fast deactivation 
reaction. Various monomers have been successfully polymerized using ATRP.  
 

              2.3.1.1 Styrene 
 
                          ATRP of styrene and its derivatives has been commonly performed by 
using copper-mediated catalyst system [39]. One of the most extensively used system 
is the polymerization of styrene conducted at 110๐C with CuBr(dNbpy)2 (dNbpy = 
4,4'-di(5-nonyl)-2,2'-bipyridine) as catalyst and alkyl bromide as initiator. The reaction 
temperature can be decreased to 80-90๐C to produce well-defined polystyrene by using 
more efficient catalyst such as CuBr/PMDETA (PMDETA = N,N,N,N',N'-
pentamethyldiethylanetriamine) [40]. However, to maintain a sufficient large 
propagation rate and to increase the solubility of catalyst, the higher reaction 
temperature is applied in ATRP of styrene. The reaction can be carried out in bulk or 
using solution. The solvent that can dissolve monomer, initiator and metal complex 
catalyst is required. Therefore, the semi non-polar solvents are recommended for 
ATRP of styrenes.  
 

              2.3.1.2 Acrylates  
 
                          The ATRP of acrylates has been commonly performed by the use of 
copper or ruthenium based catalyst systems [39, 41]. Copper appears to be more 
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efficient than other transition metals. The ATRP of acrylate produces the well-defined 
polyacrylates with low polydispersities in a short time due to the fast deactivation of 
the growing radicals by cupric halides.  
                         The derivatives of acrylate with different side chains have been 
polymerized using ATRP (Figure 2.6). For example, the well-defined functional 
polymers were obtained by ATRP of 2-hydroxyethyl acrylate, glycidyl acrylate and 
tert-butyl acrylate.  
 

 
 

Figure 2.6 Various acrylate monomers that can be polymerized by ATRP [36]. 
   

            2.3.1.3 Methacrylates 
 
                         The ATRP of methyl methacrylate (MMA) can be performed by the 
use of various catalysts such as copper, ruthenium, nickel and palladium complexes 
[41-44]. Most polymerization reactions of MMA were carried out in solution at 70-   
80๐C [36]. Solvents are necessary for the solubilization of the forming poly(methyl 
methacrylate) (PMMA), which has a glass transition temperature, Tg > 100๐C. In 
addition, the polymerization solution helps to maintain the low concentration of 
growing radicals. Under comparable condition, the copper-mediated catalyst displays a 
significantly higher equilibrium constant in ATRP of MMA when compared to 
styrene. As a result, a higher dilution and a lower catalyst concentration should be used 
for the ATRP of MMA. 
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                          Moreover, the use of copper-mediated catalyst will give the 
sufficiently large rate constant of initiation (high atom transfer equilibrium constant) 
when use sulfonyl chlorides and 2-halopropionitrile as initiators [42, 45]. It should be 
noted that these initiators are active to copper-mediated catalyst and lead to excessive 
termination or other side reactions [46]. Figure 2.7 illustrates examples of the 
methacrylate monomers that can be polymerized by ATRP.  
 

 
 

Figure 2.7 Various methacrylate monomers that can be polymerized by ATRP [36]. 
 

             2.3.1.4 Acrylonitrile 
 
                           The ATRP of acrylonitrile has been successfully performed only 
when copper-mediated catalyst is used [47, 48]. The solvents are required for the 
reaction because the polyacrylonitrile is not soluble in its monomer. The successful 
polymerizations have been carried out in ethylene carbonate using CuBr(bpy)2 (bpy = 
bipyridine) complex as catalyst and 2-bromopropionitrile as initiator at the temperature 
range from 44 to 64 ๐C.     
                            For this research, styrene was chosen to be polymerized and coated 
on the magnetic particles surface due to the high rigid structure, strength and good 
resistance to concentrated acid [49, 50].      
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        2.3.2 Initiators 

 
                    The main role of initiator is to determine the number of the growing 
polymer chains. If the initiation is fast and the transfer and the termination is 
negligible, then the number of growing chain is equal to the initiator concentration. In 
ATRP, alkyl halides (R–X) are commonly used as the initiator. The rate of ATRP is 
almost first order in respect to the concentration of alkyl halides. To obtain the narrow 
molecular weight distribution polymers, the halide groups (X) must migrate rapidly 
and selectively between the growing chain and the transition metal complex catalyst. 
The polymer molecular weight is well controlled when the alkyl bromide or alkyl 
chloride is used as initiator due to their good living group properties. Alkyl iodide 
works well for acrylate polymerization using copper-mediated catalysts [51]. Alkyl 
fluoride is not a suitable initiator because the C–F bond is too strong to undergo 
homolytic cleavage to generate radicals. Some functional groups acting as pseudo-
halogen, such as thiocyanate and thiocarbamate, have been used successfully in the 
ATRP of acrylates and styrenes [51, 52].  
                     The initiation should be fast and quantitative with a good initiator. In 
general, alkyl halide with the activating substituents on α -carbon such as aryl, 
carbonyl, or allyl group, can be used potentially as initiator in ATRP. The initiator 
with a weak R–X bond, such as N–X, S–X or O–X, can also be used [36]. When the 
initiating moiety is attached to macromolecular species, the macro initiators are formed 
and can be used to synthesize the block or graft copolymers.  
                     However, not only the homolytic cleavage of the initiator, but also the 
heterolytic cleavage occurs depending mostly on the initiator structure and the choice 
of transition metal catalyst. For example, the side reactions are observed due to the 
oxidation of radical to carbocation leading to heterolytic cleavage [53]. Various types 
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of halogenated compound are efficient initiator and are discussed in detail in the 
following topics. 
 

             2.3.2.1 Halogenated alkanes 
 
                           The halogenated alkanes are commonly used as initiator in ATRP. 
Tri-or tetrachloromethane are typically used as initiator in ATRP of MMA using the 
ruthenium-based catalyst. In contrast, di-or monochloromethane were not able to 
polymerize MMA under the same condition [54].  
                           Tetrachloromethane has also been employed in other catalytic 
systems for ATRP of MMA including copper-mediated catalyst [39]. Furthermore, it 
has been used as a functional initiator in the ATRP of styrene at 130 ๐C using 
CuCl(bpy)3 as catalyst. In homogeneous system, tetrachloromethane is sometime less 
efficient due to a potential outer-sphere electron-transfer reaction (OSET) and the 
reduction of the radicals to anions. This problem can be solved by adding the catalyst 
slowly to the initiating system to improve the efficiency of initiation. Moreover, 
bromotrichloromethane initiated the ATRP of MMA successfully using ruthenium-
based catalyst [55].   
 

             2.3.2.2 Benzylic halides 
 
                         Benzyl-substituented halides are the useful initiators for the ATRP of 
styrene and its derivatives due to their structural resemblance. These initiators fail the 
ATRP of some more reactive monomers such as MMA. For example, the inefficient 
initiation was observed when used CuCl(dNbpy)2 as catalyst and 1-phenylethylene 
chloride as initiator for ATRP of MMA [32]. To improve the initiation efficiency for 
ATRP of MMA, the use of primary and secondary benzylic halide is possible by 
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employing the halogen exchange concept [56]. Figure 2.8 illustrates some examples of 
halogenated alkanes and benzylic halides used as initiator in ATRP.  
 

 
 

Figure 2.8 Some halogenated alkanes and benzylic halides used in ATRP [36]. 
 

             2.3.2.3 Sulfonyl halides 
 
                           Sulfonyl chlorides yield a much faster rate of initiation than monomer 
propagation [57], with the apparent rate constants of about four (for styrene and 
mathacrylate) and three (for acrylates) orders of magnitude higher than those of 
propagation. As a result, the well-controlled ATRP of a large number of monomers 
can be achieved in copper-mediated catalyst system [57, 58]. Furthermore, the end-
functional polymers can be prepared by the use of sulfonyl chlorides containing 
aromatic ring as initiator [59]. The phenyl group substituent on sulfonyl halides has 
only a small effect on the rate constant of initiation because the sulfonyl radical and 
phenyl group are not related through conjugation [36]. 
                           A unique feature of the sulfonyl halides as initiators is that although 
the radicals are easily generated, they only dimerize slowly to form disulfone and 
slowly disproportionate [60]. Therefore, the sulfonyl halides can react with the 
monomers and initiate the ATRP efficiently.   
                           In this research, the halogenated alkane synthesized from                  
3-aminopropyltriethoxysilane and ethyl-2-bromopropionate was used as initiator for 
the ATRP of styrene.                                                                        
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      2.3.3 Catalysts            
 
                    The catalyst is the most important component of the ATRP because it 
concerns the atom transfer equilibrium and the dynamics of the atom exchange 
between the dormant and active species. There are several necessary conditions for the 
efficient transition metal catalyst [36]. First, the metal center must have at least two 
oxidation states. Second, the metal center should have good affinity toward halogen 
atoms. Third, the coordination sphere around the metal should be expandable to 
selectively accommodate halogen atoms. Fourth, the ligand should complex strongly 
with the metal. Various types of transition metal complexes have been employed as 
catalyst in ATRP. To generate the growing radicals, the metal center should undergo 
an electron transfer reaction with the abstraction of a halogen and expansion of 
coordination sphere. In addition, to differentiate ATRP from the conventional redox-
initiated polymerization and induce a controlled process, the oxidized transition metal 
should rapidly deactivate the propagating polymer chains to form the dormant species. 
The application of the different transition metal complexes is discussed in detail 
below.  
 

             2.3.3.1 Ruthenium 
 
                           The Ruthenium complex was first reported for using as catalyst in the 
ATRP of MMA by Sawamato et al. in 1995 [61]. The polymerization was carried out 
by using tetrachloromethane as initiator and RuCl2 complexed by three equivalents of 
PPh3 as catalyst in toluene at 60 ๐C. 
                           The more reactive ruthenium-based catalysts have been reported by 
employing carbon-centered ligands such as 4-isopropyltoluene (p-cymene) [27], 
indenyl (Ind) [62] and cyclopentadienyl (Cp) [63]. A halogen-free Ru(II) hydride 
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complex such as RuH2(PPh3)4 is more reactive than RuCl2(PPh3)4 and can be used as 
catalyst for ATRP at or above room temperature [64]. Some Ruthenium-based 
catalysts are illustrated in Figure 2.9.  
 

 
 

Figure 2.9 Ruthenium complexes used as ATRP catalysts [36]. 

 
             2.3.3.2 Nickel 
 
                           Most of nickel complexes are used as catalyst for the ATRP of MMA. 
However, they have relatively low efficiency [65]. More reactive catalyst of 
Ni[(CH2NMe2)2C6H3]Br named as Ni(NCN)Br was used, but it initially failed to 
promote the ATRP of styrene due to its instability at high temperature [66]. By 
lowering the reaction temperature, Ni(NCN)Br was successfully applied to the ATRP 
of MMA.  
                           The nickel halides complexed by the phosphorus ligands such as 
NiBr2(PPh3)2 have also been used for the ATRP of MMA, however, it is not stable or 
soluble in organic solvents. Decomposition of the metal complex catalyst was 
observed after prolonged use at high temperature and the rate of polymerization 
decreased with time. Other nickel complex catalysts have also been employed. 
NiBr2(N•nBu3)2 is more thermally stable and soluble than NiBr2(PPh3)2 and leads to the 
controlled ATRP of both methacrylate and acrylate [67]. Figure 2.10 illustrates the 
example of nickel complexes used as ATRP catalysts.  
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Figure 2.10 Nickel complexes used as ATRP catalysts [36]. 

 

             2.3.3.3 Copper 
 
                            The copper-mediated catalysts have been successfully employed in 
ATRP of styrene, acrylate and acrylonitrile [37, 38, 68]. The cuprus halide complexed 
by three molecules of bipyridine was the first copper-based catalyst used in ATRP 
[69].  
                            Various polydentate ligands have been used for copper-mediated 
catalyst. The use of both linear [40] and branched [69] polydentate aliphatic amines as 
ligand greatly reduced the cost of catalyst and increased dramatically the rate of the 
ATRP. Copper(I) prefers a tetrahedral or square planar configuration which can be 
achieved in the cationic complexes using tetradentate ligands or two bidentate ligands. 
Tridentate ligands presumably form neutral complexes.   
                           For the ATRP process, the copper complexes are widely used as 
catalyst due to the versatility and low cost.  The examples of copper complexes are 
illustrated in Figure 2.11.  
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Figure 2.11 Copper complexes used as ATRP catalysts [36]. 

 
      2.3.4 Ligands      
 
                   The main role of the ligands in ATRP is to increase the solubility of the 
transition metal salt in the organic media and to adjust the redox potential of the metal 
center to the appropriate reactivity and dynamics for the atom transfer [70]. Nitrogen 
and phosphorus ligands are commonly used in ATRP.     
 

             2.3.4.1 Nitrogen ligands 
 
                            Nitrogen ligands work particularly well for copper-mediated ATRP 
catalyst. In contrast, phosphorus ligands are less effective due to inappropriate 
electronic effects. Although monodentate phosphorus ligands are suitable for most of 
transition metal salts, phosphorus ligands do not promote the controlled copper-
mediated ATRP. In contrast, the polydentate nitrogen ligands have been successfully 
used [70]. The electronic and steric effects of nitrogen ligands are important. The 
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reduced catalytic activity or efficiency is observed when there is excessive steric 
hindrance around the metal center or the ligands has strongly electron-withdrawing 
substituents. The activity of the catalyst containing nitrogen ligands in ATRP 
decreases with the decrease of the number of coordinating sites: N4 > N3 > N2 ≥ N1, 
respectively. The examples of some nitrogen ligands used in copper-mediated ATRP 
are shown in Figure 2.12.  
 

 
 

Figure 2.12 Example of nitrogen ligands used in copper-mediated ATRP [36]. 
 

             2.3.4.2 Phosphorus ligands 
 
                            Phosphorus ligands are used to form complexes with transition 
metals, including ruthenium [41], nickel [67] and palladium [44] with exception for 
copper. The ligand PPh3 is the most commonly used ligand and has been successfully 
applied to coordinate all aforementioned transition metals. However, copper 
complexes and nitrogen ligands are more widely used when compared to other 
transition metals and phosphorus ligand.  



  
23 

                          In this research, copper (I) bromide and PMDETA nitrogen ligand 
(CuBr/PMDETA) were employed as catalyst due to the good compatibility and 
efficiency with styrene monomer.   
 

      2.3.5 Chain end functional polymers 

 
                   One of the advantages of ATRP is the preservation of the end functional 
groups throughout the polymerization. If the termination and transfer are absent in 
ATRP, every polymer chains should contain halogen atoms at its headgroup. The 
halogen atoms can be replaced through the reactions resulting in the end functional 
polymer. 
                   The terminal halogens on polymer can also be replaced by nucleophilic 
substitution, free-radical chemistry or electrophilic addition [36]. The first example of 
a chemical transformation of the halogen end groups involved bromo- and chloro-
terminated polystyrene as shown in Figure 2.13 [71]. The nucleophilic substitution 
reaction with triethylsilyl azide yielded azide terminal polymer that was further 
reduced by lithium aluminium hydride to the primary amino-functionalized chain end 
polystyrene.  
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Figure 2.13 Synthesis reaction of end-functional polystyrene [71].  
 

                         In this research, a chain end functional polystyrene was synthesized by 
nucleophilic substitution reaction with 2-(3-(2-aminoethylthio)propylthio)ethanamine 
(AEPE). The obtained functionalized material was used in the extraction of heavy 
metals. 
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2.4    Heavy metals in the environment  
 
            Heavy metals in the environment may come from their natural resource and 
from human activities, especially industrial activities. The contamination of heavy 
metals in water resource is a serious problem because they are toxic even in low 
concentration and harmful to plant, animal and human [72]. Furthermore, certain 
heavy metals are precious metals of high economic value. The best well-known 
precious metals are gold and silver. These metals are regarded as industrial 
commodities. Therefore, the extraction of toxic metals or recovery of precious metals 
from wastewater before releasing to the environment is necessary. In Thailand, the 
residual concentration of heavy metals in released water has to be in the acceptable 
value limited by the Pollution Control Department, PCD. The maximum acceptable 
concentration of heavy metals in drinking water and industrial wastewater are 
summarized in Table 2.1. 
 
Table 2.1 The maximum acceptable concentration of heavy metal ions in drinking 
water and industrial wastewater [73]   

Maximum acceptable concentration (mg L-1) Heavy metals 

Drinking water Industrial wastewater 

Arsenic 0.05 0.25 
Cadmium 0.01 0.03 

Copper 1.00 2.00 
Chromium 0.05 0.75 

Lead 0.05 0.20 
Mercury 0.002 0.005 

Silver 0.05 5.00 
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2.5    Information of metals  
              

      2.5.1 Mercury  
  
                   Mercury is a chemical element with the symbol “Hg” and atomic number 
of 80. Mercury is one of six chemical elements that are in liquid form at or near room 
temperature and pressure. Mercury is the only metal that is in liquid form at standard 
temperature and pressure conditions.  With a melting point of -38.83 °C and boiling 
point of 356.73 °C, mercury has one of the widest temperature ranges of its liquid state 
of any metal. Mercury is found in deposits throughout the world mostly as cinnabar 
(mercuric sulfide), which is the source of the red pigment, and elemental mercury is 
mostly obtained by reduction of cinnabar. Cinnabar is highly toxic when taken by 
ingestion or inhalation of the dust, and mercury poisoning can also be the result from 
the exposure to soluble forms (such as mercuric chloride or methyl mercury), 
inhalation of mercury vapor, or eating some contaminated food [74]. The forms or 
species of soluble inorganic mercury depend on the pH of solution. Figure 2.14 shows 
species of mercury at different pH of aqueous solution. 
                  Mercury is used in thermometers, barometers, manometers, float valves and 
as amalgam material for dental restoration. Moreover, it is used in a number of 
applications in engineering, scientific research, electricity, industry, especially 
petrochemical industry. 
                  The toxic effects of mercury depend on its chemical form and the route of 
exposure. Methyl mercury is the most toxic. It affects the immune system, alters 
genetic and enzyme systems, and damages the nervous system. Methyl mercury is 
particularly damaging the developing embryos, which are five to ten times more 
sensitive than adults. Exposure to methyl mercury is usually by ingestion, and it is 
absorbed more readily and excreted more slowly than other forms of mercury.               
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Elemental mercury (Hg0) is released from broken thermometers and causes excitability 
when vapors are inhaled over a long period of time. Elemental mercury is less toxic 
than methyl mercury and may be found in higher concentrations in environment such 
as in gold mine sites, where it has been used to extract gold. If large amount of 
elemental mercury is ingested, it is absorbed relatively slowly and may pass through 
the digestive system without causing damage. Ingestion of other common forms of 
mercury, such as the salt HgCl2, which is likely found in the environment, damages the 
gastrointestinal tract and causes kidney failure [75]. The well known danger of 
mercury is the Minamata disease.  
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Figure 2.14 The diagram of mercury speciation as a function of aqueous solution pH [78]. 
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             2.5.1.1 Mercury in petroleum [77] 

 
                           In petroleum industry, mercury is found in natural gas, condensates, 
crude oil, coal, tar sands and bitumens. Mercury compounds are found in various 
forms i.e. elemental, ionic and organometallic forms depending on the source. The 
elemental form is almost found in natural gas. In contrast, organomercury compounds 
are the predominant form of mercury in condensates and petroleum liquids. 
                          The use of these products as fuels for the production, transportation 
and processing systems will result in the emission of the mercury to the environment. 
The mercury associated with petroleum and natural gas production and processing 
enters the environment primarily via drilling, combustion of fuels and release of 
refinery waste. 
 

             2.5.1.2 Source of mercury in environment [78] 
 

                            Natural source  
 

                                         Mercury is found naturally in a free state or mixed in ores. It is also 
present in rocks. Generally, possible sources of mercury are degassing of the earth 
crust through emission and evaporation from the ocean.  
 

                               Human activities  
 

                              In the Gulf of Thailand, mercury is found in gas, condensate, coal 
and carbonaceous shale in or near the production reservoirs. One of the significant 
sources of mercury release is oil and gas operation. Nowadays, there is an increment of the 
number of platforms for oil and gas exploration and production in the Gulf, thereby 
leading to the increasing amount of mercury in the Gulf, which is immensely tied to the 
exploration, development, production and processing in oil and gas operation. The wastes 
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containing trace amount of mercury related to these activities are deemed as a source of 
mercury released to the environment. The other probable sources of mercury are hospitals, 
paint industries, fluorescence production and power plants.  
 

      2.5.2 Silver [79]                    

 
                      Silver is a chemical element with the chemical symbol “Ag” and atomic 
number of 47. It is a soft, white and lustrous transition metal and has the highest 
electrical conductivity of any element and the highest thermal conductivity of any 
metal, even higher than copper. Silver has oxidation number of 0, 1, 2 and 3. The Ag0 
and Ag+ are the most common. Most silver is produced as a by-product of copper, 
gold, lead, and zinc refining. 
                      Silver has long been valued as a precious metal, and it is used to produce 
jewelry, utensils, dental amalgam and currency coins. Nowadays, silver metal is used 
in electrical contacts and conductors, battery, mirrors and in catalysis of chemical 
reactions. Its compounds are employed in photographic film [80]. The silver waste that 
is released to the environment do not directly affect human health but it can cause 
allergic reactions of skin such as rashes, burning and swelling [81]. Furthermore, silver 
has been considered to be harmful to zooplankton, aquatic lives and mammals [80]. 
The forms or species of silver depend on inorganic ligand present in solutions and the 
pH of solution. Figure 2.15 shows species of silver at different pH of aqueous solution. 
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Figure 2.15 The diagram of silver speciation as a function of pH [79]. 

 

2.6    Chelation 

 
            The chelation mechanism occurs between the chelating ligand or electron 
donor atoms and the electron acceptor metals by coordination. The chelating ligand is 
a molecule that is capable of bonding to metal ion by donating a pair of electrons. 
Elements that act as electron donors are the more electronegative ones. Certain 
chelating ligands consist of electron donor atoms such as nitrogen, sulfur and oxygen 
and are summarized in Table 2.2 
 
Table 2.2 Functional groups consisting of electron donor atoms  
 

Electron donor atoms Functional groups 

nitrogen amine, nitrile, imine 
sulfur thiol, thiocarbamate, thioether 

oxygen carboxylic, hydroxyl, carbonyl, phenolic 
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            Pearson proposed that “hard acids bind strongly to hard bases and soft acids 
bind strongly to soft bases” [82]. These binding occur via ionic or covalent bond. In 
the case of borderline acids, which have intermediate characteristics, they possess 
affinity for both hard and soft bases. Table 2.3 shows the classification of hard-soft 
acids and hard-soft bases [82].  
            However, the binding ability between the metal ions in solution and the 
chelating ligands depends on various factors as following: 

-  Nature, charge and size of metal ions 
-  Nature of donor atoms present in ligand 
-  The pH of solution which may affect the extraction efficiency and the 

binding of metal ions by donor atoms    
 

Table 2.3 The classification of hard-soft acids and hard-soft bases [82]  

Acids Bases 

Hard  
H+, Li+, Na+, K+, Rb+, Cs+ NH3, RNH2, N2H4

Be2+, Be(CH3)2, Mg2+, Ca2+, Sr2+, Ba2+ H2O, OH-, O2-, ROH, RO-, R2O 
Se3+, La3+, Ce3+, Gd3+, Lu3+, Th3+, U4+, UO , Pu+2

2
4+  

Ti4+, Zr4+, Hf4+, VO2+, Cr3+, Cr6+, MoO3+, WO4+, 
Mn2+, Fe3+, Co3+

CH3COO-, CO , NO , PO , 
SO , ClO  

−2
3

−
3

−3
4

−2
4

−
4

BF3, BCl3, B(OR)3, Al3+, Al(CH3)3, AlCl3, AlH3 F-, Cl-

Ga3+, In3+  
CO2, RCO+, NC+, Si4+, Sn4+, CH3Sn3+, (CH3)2Sn2+  
N3+, RPO , ROPO , As+

2
+
2

3+  
SO3, RSO , ROSO  +

2
+
2  

Cl3+, Cl7+, I5+, I7+  
HX (hydrogen-bonding molecules)  
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Table 2.3 The classification of hard-soft acids and hard-soft bases (continued)  

Acids Bases 

Borderline  
Fe2+, Co2+, Ni2+, Cu2+, Zn2+  C6H5NH2 , C5H5N , N , N−

3 2

Rh3+, Ir3+, Ru3+, Os2+ NO , SO  −
2

−2
3

B(CH3)3, GaH3 Br  −

R3C
+, C6H , Sn+

5
2+, Pb2+  

NO+, Sb3+, Bi3+  
SO2  

Soft  
Co(CN) , Pd−3

5
2+, Pt2+, Pt4+ H-

Cu+, Ag+, Au3+, Cd2+, Hg+, Hg2+, CH3Hg+ R-, C2H4, C6H6 , CN- , RNC, CO 
BH3, Ca(CH3)3, GaCl3, GaBr3, GaI3, Tl+, Tl(CH3)3   
CH2, carbenes SCN- , R3P, (RO)3P, R3As 
π-acceptors: trinitrobenzene, chloroanil, etc. R2S, RSH, RS-, S2O  −2

3

HO+, RO+, RS+, RSe+, Te4+, RTe+ I-

Br2, Br+, I2, I
+, ICN,   

O, Cl, Br, I, N, RO, RO2  
M0 (metal atoms) and bulk metals  
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2.7    Adsorption 
 
           Adsorption is the transferring process of substance from a fluid phase to a solid 
phase or the accumulation of atoms or molecules on the surface of a solid phase. This 
process creates a film of the adsorbate (the molecules or atoms being accumulated) on 
the adsorbent surface. It is a removal process where certain substances are bound to an 
adsorbent particle surface by either chemical or physical attraction [83]. The 
adsorption process is generally classified as physisorption and chemisorption. The 
amount of substance adsorbed depends on a number of factors including the degree of 
attraction, the surface area exposed to mobile substance, the concentration of the 
substance, and the pH and temperature of the liquid [84]. 
 

      2.7.1 Physisorption 
 
                  The physisorption or physical adsorption is referred to when the attraction 
between adsorbates and adsorbents are van der Waals force, generating from London 
dispersion force or the electrostatic force. Furthermore, the multilayer adsorption of 
adsorbates on the adsorbent surface can occur, when the concentration of adsorbates 
increases. The reaction of this adsorption is called outer-sphere surface reaction or 
non-specific reaction, which the analytes adsorb independently on the adsorbent 
surface and the adsorption is a reversible process. The reversibility of the reaction 
depends upon the attraction force of target ions or molecules with adsorbent, 
concentration of analytes and temperature. Figure 2.16 shows the outer-sphere surface 
reaction.  
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      2.7.2 Chemisorption  
 
                   The interaction between adsorbate and adsorbent in chemisorption or 
chemical adsorption is the chemical or covalent bond, which is stronger than van der 
Waals force in physisorption. The mechanism may occur when the surface of 
adsorbents has active sites specific to the target ions or molecules, resulting in 
irreversible reaction. The adsorption of analytes occurs in the monolayer regime on 
adsorbent surface. The chemical adsorption is also called inner-sphere surface reaction 
(Figure 2.16).  
 

                      
Figure 2.16 The outer-sphere (a) and inner-sphere (b) surface reaction [85]. 

 
                    The differences between physisorption and chemisorption are summarized 
in the Table 2.4.  
 

Table 2.4 The differences between physisorption and chemisorption [86]   

Parameters Physisorption Chemisorption 

Enthalpy of adsorption low (20 - 40 kJ mole-1) high (200 - 400 kJ/mole-1) 
Adsorption temperature low high 

Forces of attraction van der Waals forces chemical bond 
Types of process reversible irreversible 

Layer of adsorption mono and multilayer monolayer 
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      2.7.3 Rate of mass transfer 
 
                  The adsorption occurs when the analytes in liquid or gas phase are 
transferred to adsorbent surface. The mass transfer is divided into three main steps as 
follows: (i) bulk transport, (ii) film transport and (iii) intraparticle transport. Figure 
2.17 shows the steps of mass transfer. The step that controls the rate of mass transfer at 
adsorption equilibrium is the slowest step of adsorption mechanism.  
                   

  
Solution State Adsorbed State

Bulk Transport Film 
Transport

Intraparticle 
Transport

Bulk Solution Boundary
Layer

Adsorbent Particle

 
 

Figure 2.17 The steps of adsorption on the adsorbent surface [87]. 
 

            (i) Bulk transport 
 

                  In this step, the analytes move from the bulk solution to the surface of the 
boundary layer. It is a very fast process.  
 

            (ii) Film transport 
 

                    The analytes transport from the boundary layer to the surface of the 
adsorbents, which is called film diffusion or external diffusion. Film transport may 
occur slowly and can be considered as the adsorption rate control step.  
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           (iii) Intraparticle transport 
 

                    The final step is one of the steps that can be the rate limiting step of the 
adsorption. The analytes transfer from the adsorbent surface to the internal pores of the 
adsorbent and react with the active sites. This step is called the internal diffusion.  
 

        2.7.4   Adsorption isotherms   
 
         The adsorption process that refers to the partition of analytes between 
aqueous phase and adsorbent (solid phase) at equilibrium at constant temperature is 
called adsorption isotherm. Moreover, the adsorption equilibrium can be described by 
using adsorption isotherm models which are the relations between the amount of 
adsorbate on adsorbent and the concentration of analytes in solution at equilibrium. 
Langmuir and Freundlich isotherm models are widely used to describe the adsorption 
equilibrium [88, 89].  
  

         2.7.4.1   Langmuir adsorption isotherm 
 

                             The Langmuir isotherm model of adsorption is based on the 
following assumptions : (i) adsorption energy is constant over all sites and independent 
to the extent of a homogeneous surface, (ii) the adsorption takes place at specific sites 
of the adsorbents and no further adsorption occur at that sites, (iii) there is no 
interaction between adsorbates, (iv) each site can accommodate only one molecule or 
atom of adsorbate, and (v) the adsorption phenomena is the monolayer coverage on 
adsorbents surface and could be reversible or irreversible process. The general form of 
the Langmuir isotherm is shown in equation 2.1.  
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                              The equation 2.1 is further converted into the linear equation as 
shown in equation 2.2, 
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               where    Ce  =  equilibrium concentration of the analyte in aqueous 
                                       solution (mg L-1 or mol L-1) 
                               q  =  adsorption capacity of adsorbent (mg g-1 or mol g-1) 
                              qm =  maximum adsorption capacity of adsorbent (mg g-1 or mol g-1) 
                               b  =  Langmuir constant related to the affinity of binding sites   
                                       (L mg-1 or L mol-1) 

 

The experimental data (q and Ce) are plotted either as shown in Figure 2.18 or 

in one of the two alternate linear relations as shown in Figure 2.19. The plot of 
q

Ce  

against  yields a straight line with a slope of eC
mq

1  and intercept of 
mbq

1           

(Figure 2.19b).  
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Figure 2.18 
Form of Langmuir adsorption isotherm [90]. 
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  The plot of Langmuir isotherm will demonstrate whether the model is 
applicable and also will allow determination of the values of qm and b. In many cases, a 
single model will not be satisfactory for a wide range of concentrations but will serve 
in narrow regions.  

 

(a) (b)  
 
 

 
  
Figure 2.19 (a) Conventional linear form of Langmuir adsorption isotherm and (b) 
modified form of Langmuir adsorption isotherm emphasizing higher concentration 
data [90].  
 

        2.7.4.2   Freundlich adsorption isotherm  
 

                 The Freundlich isotherm is used to describe multilayer adsorption of 
analytes on heterogeneous surface or surface with active sites of various affinities. The 
common form of the Freundlich model is presented in the equation 2.3.  A plot of q 
versus Ce results in a curve of the form shown in Figure 2.20. The linear form of 
Freundlich isotherm is obtained by taking logarithm as shown in equation 2.4, 
 

                                                            n
ef CKq 1=                                       (2.3)  

                              
                                              ef C
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Kq log1loglog +=                           (2.4) 
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               where   Kf  =  Freundlich constant related to adsorption capacity   
                                      ( mg g-1 or mol g-1) 
                            n   =   the numerical value of Freundlich constant 
 

                             A linear plot of log q versus log Ce gives a slope of 
n
1  and intercept 

of log Kf  as presented in Fugure 2.21. The equation 2.3 is common and simple and has 
been used to fit experimental data quite often. The Freundlich isotherm plot is usually 
constructed on log-log scale (Figure 2.21) to facilitate the determination of the model 
validity and the values of Kf and n.   

 
 
 
 
 

 
 
 
 
 
 

 
2.8   Characterization of adsorbent 
 

           The characterization of adsorbent (MPs-PS-AEPE) is necessary to confirm the 
success of the synthesis of adsorbent. Several characterization techniques such as    
FT-IR, XRD, TGA, SEM and BET are used. The principles of these techniques are 
described below. 

 

q 

Ce

1 
1/n 

log
 q 

log Ce

log Kf

Figure 2.20 Form of Freundlich  
adsorption isotherm [90]. 

Figure 2.21   Linear form of  
Freundlich adsorption isotherm [90]. 
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        2.8.1   Fourier transforms infrared spectroscopy (FT-IR) 

 

         The FT-IR spectroscopy is a technique that provides distinct 
identification and information about the structure of samples either organic or 
inorganic in term of functional groups or chemical bonds. It can be applied to the 
analysis of solids, liquids, and gasses. Most FT-IR spectrometers work in the mid-
infrared region from 4000 cm-1 to 400 cm-1 and offer high sensitivity and accuracy as 
well as improve data collection speed compared to dispersive instruments because the 
whole spectra is measured at the same time and hence multiple scanning of the sample 
is possible [91].  
                       The basic principle of IR-spectroscopy is based on the measurement of 
the molecular bond vibration when compounds are excited by radiation of a suitable 
frequency. FT-IR spectrum is recorded in term of the correlation between the 
percentage transmittance and the wavenumbers, which is the direct proportion to the 
frequency of the absorbed radiation responsible for the molecular vibration or the 
absorption process. FT-IR is a beneficial instrument to detect functional groups in a 
sample but it can not be used to clarify the complete structure of an unknown 
molecule. KBr pellet is commonly used in the analysis of solid sample. Solid samples 
are grounded and milled with potassium bromide (KBr) to obtain a homogeneous 
powder. This powder is compressed into a thin pellet and then analyzed [92].  
                       In this research, FT-IR was used to determine the chemical bond or 
functional groups on the MPs surface before and after coating with polystyrene and 
modification with chelating ligand AEPE.  
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        2.8.2   X-ray diffraction (XRD) 
 
                      X-ray diffraction is one of the important non-destructive techniques used 
for the determination of crystalline structure and phase identification. The information 
about unit cell dimensions of solid and crystallographic structure of natural and 
manufactured solid materials can be obtained. It is an efficient analytical technique 
used to identify and characterize unknown crystalline and powder solid sample [93]. 
X-rays are generated by a cathode ray tube, filtered to produce monochromatic 
radiation, collimated to concentrate and directed toward the finely ground sample. 
Monochromatic X-rays are used to determine the interplanar spacing of the materials 
or samples. Samples are analyzed as powder with grains in random orientation to 
ensure that all crystallographic directions are sampled by the beam. The scattered 
intensity can be measured as a function of scattering angle 2θ. The different phase 
present in the sample are efficiently determined by XRD technique. The XRD pattern 
is plotted between the peak position (2θ angle) and the intensity of the diffracted beam. 
The positions and intensities of peaks act as a distinctive “fingerprint” which provides 
the information of samples. The Joint Committee on Powder Diffraction Standards 
(JCPSD) database is used as reference to identify the crystalline materials.   
                     The main components of XRD instrument are an X-ray tube, a sample 
holder and a detector. Figure 2.22 shows a monochromatic beam of X-rays incident on 
the surface of atomic arrays at angle θ. The interaction of X-rays with a sample creates 
secondary “diffracted” beam of X-rays related to interplanar spacing in the crystalline 
powder according to an equation called “Bragg’s Law” (equation 2.5) [93], 
 

                                      nλ = 2dsinθ           “Bragg’s Law”             (2.5) 
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              where   n = an integer number 
                          λ = wavelength of the X-rays 
                          d = the interplanar spacing generating the diffraction 
                          θ = the diffraction angle 
 

 
 

Figure 2.22 Diffraction of X-rays by regular planes of crystals [94]. 
 

                       Generally, an integer number is equal to 1, therefore, the Bragg’s Law 
can be written as shown in equation 2.6. 
 

                                            λ = 2dsinθ                                               (2.6) 
 
                         In this research, XRD technique was used to characterize the main 
structure of MPs whether it was changed after surface modification.  
  

        2.8.3   Thermogravimetric analysis (TGA) 
 
                      Thermogravimetry is a thermal analysis technique that measures the 
weight loss or weight change of materials as a function of temperature against 
percentage weight. The measurement can be carried out in air or nitrogen atmosphere. 
During the measurement, the decrease of sample weight is observed due to the loss of 
volatile components and moisture. This technique is usually used to determine the 



  
42 

thermal stability and the composition of both inorganic and organic material, 
especially polymer [95].  
                      The TGA provides both qualitative and quantitative information. The 
qualitative analysis is done by comparing the onset temperature, which is the 
temperature of the weight loss, of the modified material to that of the unmodified 
material. The difference in onset temperature and percentage weight loss indicates the 
different in material composition. The quantitative analysis is done by measuring the 
weight loss when a known molecular weight component is vaporized from the sample 
[96]. In the characterization of polymers and composite materials, TGA commonly 
provides the information about degradation temperature, residual solvent levels and the 
amount of inorganic (noncombustible) filler in polymer or composite material 
compositions.  
                       In this research, TGA technique was used to investigate the thermal 
stability of the synthesized materials and to confirm the difference in the chemical 
composition of the material.   
 

        2.8.4   Scanning electron microscopy (SEM)  
 

                      SEM uses a focused beam of high-energy electrons to generate a variety 
of signals at the surface of solid samples. The signals derived from electron-sample 
interactions reveal information about external morphology, sample shape and 
orientation of materials making up the sample. In most applications, a 2-dimensional 
image is generated and collected over a selected area of the sample surface [97].  

          In SEM, a fine electron probe scans in a raster across the sample 
surface that has to be conductive, stable in vacuum as well as not temperature-
sensitive. Hence sample preparation is necessary depending on the nature of the 
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sample. The magnification of the sample images depends on the area scanned in the 
raster pattern relative to the fixed size of the display. 
                      The incident electrons are scattered both elastically (high energy) and 
inelastically (lower energy) by the sample. The inelastic scattering leads to the 
excitement of the electrons in the sample atoms that can leave the sample as secondary 
electrons. The full SEM image is formed by measuring the signal of secondary 
electrons. SEM offers high resolution analysis and inspection. It gives information 
about the relief surfaces of a solid, its size, electrical properties and is widely used in 
flaw detection of microelectronic devices [98].  
                       In this research, SEM was used to exhibit the outer surface, size and 
shape of bare MPs, MPs-Ini, MPs-PS and MPs-PS-AEPE.  
 

        2.8.5   Nitrogen adsorption-desorption technique [99] 
 

                      The nitrogen adsorption-desorption technique is employed to identify the 
physical properties of porous material such as surface area, pore volume, pore diameter 
and pore-size distribution. The BET method (Brunauer, Emmett, Teller method) is 
used for the determination of total surface area which is correlated to the amount of 
gas adsorbed on the material at a fixed temperature as a function of pressure. Pore 
volume and pore diameter are commonly derived from gas sorption data. Pore size 
distribution is measured by the use of nitrogen adsorption-desorption isotherm at liquid 
nitrogen temperature and relative pressures (P/P0) ranging from 0.05-0.1.  
                       The nitrogen desorption is sometimes used to determine the pore size 
distribution, but the results are not entirely reliable probably due to the surface tension 
of nitrogen film. The nitrogen desorption tends to be unreliable for very large pore of 
over 60 nm in diameter where adsorption occurs at near atmospheric pressures.  
                       In this study, this technique was used to analyze the specific surface area 
of MPs, MPs-Ini, MPs-PS and MPs-PS-AEPE.  
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2.9   Determination of metal concentration 

 
          The atomic absorption spectroscopy is commonly used to determine the metals 
concentration in aqueous solution. The flame atomic absorption spectroscopy (FAAS) 
is used for metals determination. In the case of mercury, the cold vapor atomic 
absorption spectroscopy (CVAAS) is used.  
 

        2.9.1   Cold vapor atomic absorption spectrometry [100] 

 
                       The cold vapor atomic absorption spectrometry (CVAAS) is the most 
widely used technique for mercury determination because of its high sensitivity, 
simplicity, robustness, and relative freedom from interferences. It is a flameless 
atomization technique and atomic vapor is generated at room temperature. Excellent 
detection limits can be achieved with the modern instruments. Organic mercury 
compounds should be oxidized to inorganic mercury before determination. Then, the 
inorganic mercury in a liquid sample is reduced normally with tin (II) chloride (SnCl2) 
or sodium borohydride (NaBH4) to elemental mercury (Hg0) as shown in equation 2.7.  
 
                      Hg2+(aq)   +   Sn2+(aq)         Hg(l)   +   Sn→ 4+(aq)                  (2.7) 
 
With an inert gas, the mercury vapor is purged out of the solution and transported to an 
absorption cell of the atomic absorption spectrometer. Light is then transmitted along 
the axis of the quartz tube from hallow cathode mercury lamp and the absorption at 
253.7 nm is measured. A typical absorption cell for mercury determination with 
CVAAS is made of quartz tube of 25 cm length and 0.5 cm in inner diameter. This 
method provides sensitivities of approximately four orders of magnitude better than 
flame atomic absorption spectrometry (FAAS). Considering the acceptable 
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concentration of mercury in drinking water (2 μg L-1), the cold vapor technique is the 
only approved method for determining mercury at this level. The common 
instrumental diagram of CVAAS is shown in Figure 2.23.  
 

 
 

Figure 2.23 Block diagram of cold vapor atomic absorption spectrometer [101].  
 

        2.9.2   Flame atomic absorption spectrometry [102]  

 

          Flame atomic absorption spectrometry (FAAS) is one of the techniques 
used to analyze various metals in aqueous sample. This technique offers many 
advantages, for example, rapid, low cost operation, high precision, and specificity. 
Therefore, it is regularly used for determination of metals concentration in the mg L-1 

level. However, it has some drawback such as poor sensitivity. The basic principle of 
FAAS is the absorption of element specific radiation by free atoms in the ground state. 
The free atoms in the gas phase are generated by flame. Due to the absorption of 
specific quanta, the amount of atoms in an excited state increases and hence leads to a 
decrease of the atoms in ground state. The value of the absorbed light corresponds to 
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the initial concentration of atoms in the ground state and therefore correlates as well to 
the concentration of the element. The common instrumental diagram is shown in 
Figure 2.24. 

 

 

 

 

 

 

 

Flame 

Figure 2.24   Block diagram of general atomic absorption spectrometer [103].  

 
         Atomic absorption spectrometry is commonly used for quantitative 

analysis and only one element can be measured at a time by conventional instrument. 
Based on the measurement of absorbed radiation, a quantitative determination of the 
amount of analyte in the sample is possible with the Lambert-Beer’s law as shown in 
equation 2.8 [98], 
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abs loglog                                (2.8) 

 

where   Aabs  =   absorbed radiation (absorbance) of the analyte 
                         T      =   light transmission (transmittance) of the analyte  
                         I0      =   incident intensity without absorption  
                        I        =   transmitted intensity of light which has passed through  
                                       the atomizer  
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2.10   Literature review  
 
             The extraction of heavy metals could be performed using various materials as 
adsorbents. One problem of metals extraction from solution is the difficulty in 
adsorbent separation from the solution. Recently, magnetic particles have drawn a lot 
of interest due to their high surface area, high temperature resistance, ion exchange 
mechanism and high capacity of functional groups after functionalization. Many 
researches present the use of magnetic particles as adsorbent that could be separated 
easily from the solution by external magnetic field. There are many types of magnetic 
particles with the formula of MFe2O4 (M = Mn, Mg, Ni, Co, Cu, Fe) [104]. Different 
preparation techniques have been developed to synthesize magnetic particles. Liu et al. 
(2000) [25] synthesized the magnetic nanoparticles MgFe2O4 and CoFe2O4 via 
microemulsion process and studied the magnetic anisotropy of these particles. The 
average size of MgFe2O4 and CoFe2O4 nanoparticles was in the range of 2 to 45 nm 
and 2 to 35 nm, respectively when characterized by TEM technique. Furthermore, the 
results showed that magnetic anisotropy of CoFe2O4 nanoparticles was higher than that 
of MgFe2O4 nanoparticles.  
             During 2007 to 2009, many researches focused on the magnetic particles 
synthesis by various methods as following: Maaz et al. (2007) [18] prepared magnetic 
nanoparticles of cobalt ferrite by chemical co-precipitation. XRD and TEM results 
confirmed the formation of single-phase cobalt ferrite nanoparticles in the range of 15-
48 nm depending on the annealing temperature and time. The size of particles 
increased with the increase of annealing temperature and time. Xiao et al. (2007) [24] 
synthesized cobalt ferrite nanoparticles via combustion method. The size and magnetic 
anisotropy of particles increased with the increase of annealing temperature. The 
average size was in the range of 22.7 to 43.1 nm when characterized by TEM 
technique. The saturation magnetization increased from 38.30 emu g-1 at 600 ๐C to 
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63.26 emu g-1 at 800 ๐C. Carp et al. (2007) [28] produced CoFe2O4 particles with the 
average size in the range of 3.8 to 5.7 nm and the surface area of 60 to 67 m2 g-1 
through thermal decomposition method. The maximal magnetization of the obtained 
particles was 42.55 emu g-1. 
              In 2008, Arelaro et al. [104] synthesized Fe3O4, CoFe2O4 and MnFe2O4 via the 
high-temperature solution phase reaction. The synthesis was successful and the narrow 
size distribution about 4.50 ± 0.15 nm was observed. The order of magnetic anisotropy 
was CoFe2O4 > MnFe2O4 > Fe3O4. Xiantao et al. [105] synthesized the magnetite 
(Fe3O4) via chemical co-precipitation and thermal decomposition and combined the 
use of sodium oleate (C18H33Na) as surfactant that could prevent the agglomerization 
of particles. The size distribution around 6.36 nm was observed by TEM and DLS 
techniques. Liu et al. [27] synthesized CoFe2O4 nanoparticles by hydrothermal 
treatment method. From TEM characterization, the results reveal that the product 
consisted of both nanoplatelets and nanoparticles. The width and length of CoFe2O4 
nanoplatelets was in the range of 7 to 30 nm and 8 to 48 nm, respectively. The size of 
CoFe2O4 nanoparticles was in the range of 2 to 8 nm. Wang et al. [29] synthesized 
MnFe2O4 and CoFe2O4 nanoparticles via polyol-process and studied their magnetic 
property. From TEM characterization, the average diameter of MnFe2O4 nanoparticles 
was about 7.4 nm and the size of CoFe2O4 nanoparticles was in the range of 4 to 6 nm. 
The saturation magnetization of MnFe2O4 and CoFe2O4 nanoparticles were 29.77 emu 
g-1 and 27.14 emu g-1, respectively. 
               In 2009, Ayyappan et al. [106] synthesized cobalt ferrite nanopaticles via 
chemical co-precipitation by varying the solvent dielectric constant using different 
ethanol-water ratio. XRD results confirmed the cubic spinel phase of particles. From 
TEM characterization, the average particle size increased from 10±1 to 16±1 nm as 
the dielectric constant of solvent increased from 47 to 80. Zi et al. [107] synthesized 
CoFe2O4 nanoparticles by chemical co-precipitation. XRD results confirmed the spinel 
single phase of particles. SEM and TEM images showed that the particles were 
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spherical with diameters in the range of 20-30 nm. Cendeno-Mattei et al. [108] 
synthesized CoFe2O4 particles in nano-size via co-precipitation. XRD and FT-IR 
results confirmed the formation of the ferrite structure. The average crystalline size of 
particles was around 24 nm.  
                   These researches demonstrated that the synthesis of cobalt ferrite and other 
ferrites could be done by different method. Among these methods, the chemical co-
precipitation is widely used due to the convenience, ease and versatility. Cobalt ferrite 
particles have drawn a lot of interest due to the higher magnetization and magnetic 
anisotropy compared to other ferrites. In this work, cobalt ferrite magnetic particles 
were synthesized by chemical co-precipitation of cobalt ions and ferric ions.  
               The magnetic particles were applied as adsorbent by the coating or 
functionalization with ligands for adsorption of heavy metals from aqueous solution as 
following: Chang et al. (2005) [109] prepared the monodisperse chitosan-bound Fe3O4 
nanoparticles as a novel adsorbent for the removal of Cu2+ ions. The analyses of TEM 
and XRD indicated that the adsorbents were monodisperse with a mean diameter of 
13.5 nm and the amount of chitosan bound on Fe3O4 nanoparticles was estimated to be 
about 4.92 %w/w. The maximum adsorption capacity was 21.5 mg g-1 and the 
adsorption isotherm followed Langmuir model. Huang et al. (2008) [110] prepared a 
new adsorbent of silica-coated magnetic nanoparticles modified with 3-mercapto 
propyltrimethoxysilane for extraction of Cd, Cu, Hg, and Pb from biological and 
environmental samples. The maximum adsorption capacity of Cd, Cu, Hg, and Pb 
were 45.2, 56.8, 83.8 and 70.4 mg g-1, respectively. Kraus et al. (2009) [111] 
synthesized cobalt ferrite nanoparticles modified with 3-mercaptopropyltrimethoxy 
silane for the extraction and recovery of Au(III) from aqueous solutions. The 
adsorption behavior followed Langmuir isotherm and the maximum adsorption 
capacity was 120.5 mg g-1. However, the magnetic particles have some drawback such 
as the low stability in acidic solution. In this work, the surface of magnetic particles 
was coated with polymer via ATRP to increase acid resistance of the particle. The 
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special characteristic of the polymer obtained from ATRP is the preservation of the 
end halogen atoms throughout the polymerization leading to the end functional 
polymer. 
              In the past decade, there are many researches concerning the polymer 
synthesis using ATRP method. Zhang et al. (2002) [112] synthesized the copolymer of 
polystyrene and poly(2,5-bis[(4-methoxyphenyl)oxycarbonyl]styrene). GPC, 1H-NMR 
and DCS techniques were used to confirm the success of the synthesis. The obtained 
polymer was diblock copolymer with low polydispersity. The average molecular 
weight of diblock copolymer was about 9,300 g mol-1. Next, Iddon et al. (2004) [113] 
polymerized sodium 4-styrenesulfonate via ATRP using sodium 4-bromomethyl 
benzoate and water-methanol mixture as initiator and solvent, respectively. Copper(I) 
chloride complexed with 2,2'-bipyridine was used as catalyst. The polymerization was 
successful with high polydispersities (Mw/Mn = 1.61), confirmed by 13C-NMR and 
GPC measurement. Li et al. (2006) [114] synthesized the core-shell block copolymer 
of poly(t-butyl acrylate-co-acrylic acid)-b-poly(N-isopropyl acrylamide) by ATRP. 
From 1H-NMR and TEM characterization, poly(t-butyl acrylate) was a core part while 
poly(acrylic acid) and poly(N-isopropylacrylamide) were the shell of the copolymer 
obtained. Moreover, from the thermo and pH responsive study, it was observed that the 
copolymer was stable at pH 5.8 and 25˚C. Gao et al. (2007) [115] synthesized and 
characterized the syndiotactic polystyrene-graft-poly(glycidyl methacrylate) 
copolymer by ATRP using 2-bromo-2-methylpropanoyl bromide modified 
syndiotactic polystyrene as macroinitiator and copper bromide combined with 2,2-
bipyridine as catalyst in anisole. The obtained polymer was characterized by using 
FTIR and NMR technique to confirm the success of the synthesis. 
              From the researches mentioned above, it has been shown that various 
polymers can be synthesized successfully via ATRP method with their suitable 
conditions. For the preparation of solid support/polymer composite, it can be 
performed by various methods such as γ-irradiation [116], emulsion polymerization 
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[117-118], embedding method [119] and atom transfer radical polymerization [120-
125]. In addition, many researchers polymerized monomers via ATRP method on solid 
supports in the form of core-shell structure. 
             Chen et al. (2006) [120] synthesized poly(N,N'-dimethylacrylamide) and poly- 
(ethylene glycol)-coated Merrifield resin in the form of core/shell structure via ATRP 
employing the Cu(I)Br/PMDETA catalyst system. FT-IR spectroscopy and optical 
microscopy were used to characterize and confirm the success of the synthesis. The 
particle sizes of polymer composite were larger after polymerization. In the following 
year, Lei and Bi (2007) [121] synthesized poly(tert-butyl acrylate)-coated silica gel of 
core/shell structure via ATRP using Cu(I)Br/PMDETA as catalyst . The initiator was 
synthesized by the reaction between 3-aminopropyltriethoxysilane and 2-bromo 
propyonyl bromide. The average particles size of polymer composite increased from 
250 to 300 nm after polymerization. Zhou et al. (2007) [122] synthesized the 
poly(ethylene glycol)methacrylate-b-methyl methacrylate-coated Fe3O4 nanoparticles 
via ATRP. The initiator was synthesized by the reaction between 3-aminopropyl 
triethoxysilane and 3-chloropropionic acid. Cu(I)Br complexed with 2,2′-bipyridine 
was used as catalyst. Zhang et al. (2007) [123] synthesized the poly(N-isopropyl 
acrylamide)-coated silica nonoparticles via ATRP employing Cu(I)Cl/2,2′-bipyridine 
as catalyst. The initiator was synthesized by the reaction between 3-aminopropyl 
triethoxysilane and α-bromoisobutyryl bromide. The resulting polymer composite 
particles were characterized by using FT-IR, XPS and TEM. The results showed that 
these particles owned both core/shell structure and thermoresponsiveness with the 
lower critical solution temperature (LCST) of 32˚C. Moreover, in 2008 [124], Lei       
et al. synthesized poly(sodium 4-styrenesulfonate)-coated Fe3O4/SiO2 particles via 
ATRP using Cu(I)Br/2,2′-bipyridine as catalyst. The initiator was synthesized by the 
reaction between 3-aminopropyltriethoxysilane and 2-bromopropyonyl bromide. These 
resulted polymer composites were characterized by using XRD, TEM, FT-IR, TGA 
and XPS to confirm the success of the synthesis. The detection of sulfur and sodium 
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signals from XPS analysis indicated that sodium 4-styrenesulfonate was polymerized 
onto the Fe3O4/SiO2 particles surface. In addition, the polymerization of styrene on the 
surface of magnetic particles via ATRP has been also reported, Sun et al. (2007) [125] 
synthesized polystyrene-coated Fe3O4 nanoparticles in core/shell structure via      
ATRP using 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl)propanamide and Cu(I)Br/ 
PMDETA as initiator and catalyst, respectively. These polymer composite particles 
had an exceptionally good dispersity in organic solvents. The average particles size of 
polymer composite increased from 10 to 40 nm after polymerization. The researches 
mentioned above demonstrated that some monomer can be successfully polymerized 
via ATRP on various solid supports in the form of core/shell structure. In our study, 
the polystyrene-coated magnetic particles were prepared by ATRP of styrene on 
particles surface using the initiator that was synthesized from the reaction between     
3-aminopropyltriethoxsilane and ethyl-2-bromopropionate. Cu(I)Br complexed with 
PMDETA was used as catalyst. To increase the affinity toward metal ions, the coated 
polymer was functionalized with a chelating agent.  
             Many papers presented the functionalization of halogen chain-end polymer to 
another functional groups chain-end polymer. Garamszegi et al. (2003) [126] 
synthesized bromo-functional polystyrene via ATRP. The bromine end-groups were 
reacted with thiourea to give an isothiouronium salt. Then, this salt was treated with 
sodium hydroxide to obtain thiol groups. The conversion of the bromine end-groups 
into thiol groups was confirmed by 1H NMR. The gel permeation chromatography 
(GPC) showed that polydispersity and the molecular weight remain unchanged after 
end-thiol functionalization. Posma et al. (2006) [127] synthesized polystyrene via 
ATRP. The obtained polystyrene containing bromo groups at chain end was reacted 
with sodium azide (NaN3) to convert bromo-functional polystyrene to the 
corresponding azido-functional polystyrene by nucleophilic substitution. Thereafter, 
the azido-functional polystyrene was reduced by lithium aluminium hydride (LiAlH4) 
to yield the amine-functional polystyrene.  
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            In addition, the functionalization of halogen chain-end polymer on solid 
support has been also reported. Wang et al. (2009) [128] synthesized bromo-functional 
polystyrene-coated silica nanoparticles via ATRP. The terminal bromides of 
polystyrene-coated silica nanoparticles were then substituted with azido groups. These 
azido-terminated polystyrene on the nanoparticle surface were reacted with various 
alkyne-terminated functional end groups. FT-IR and 1H-NMR characterization 
indicated quantitative transformation of the chain ends of polystyrene on silica 
nanoparticles into the desired functional groups. Bayramoglu et al. (2009) [129] 
synthesized poly(glycidyl methacrylate) via ATRP on poly(vinyl benzyl chloride) 
beads that contained chlorine groups on surface and acted personally as initiator. The 
epoxy groups of the poly(glycidylmethacrylate) were reacted afterward with hydrazine 
to obtain the hydrazine-functionalized copolymer beads. Moreover, these 
functionalized copolymer beads were applied as adsorbent for the invertase. The 
maximum adsorption capacity of invertase onto copolymer beads was 86.67 mg g-1 at 
pH 4.0. The researches shown above indicated that the halogen end-groups of ATRP 
polymers can be further functionalized with functional groups and the final product 
can be applied as adsorbent to adsorb the interested analytes. In this work, to increase 
the affinity toward metal ions, the ligand 2-(3-(2-aminoethylthio)propylthio) 
ethanamine (AEPE) was functionalized on the polystyrene-coated magnetic particles 
to improve the efficiency and selectivity in Hg(II) and Ag(I) ions extraction due to the 
presence of sulfur and nitrogen donor atoms. 
      
            
 

 
 
 
 
 



CHAPTER   III 
 

EXPERIMENTALS 
 
3.1 Instruments  

The instruments used for measurements and characterization in this thesis are 
shown in Table 3.1.  

Table 3.1 List of instruments   

Instruments Manufacture : Model Purpose 

1. Nuclear magnetic resonance 
    spectrometer (NMR) 

Varian : Mercury Plus 
400 

Identification of ligand 
structure 

2. X-ray diffractometer (XRD) Rigaku : D/MAX-2200 Identification of 
adsorbents crystallinity  

3. Fourier transforms infrared 
    spectrometer (FT-IR) 

Nicolet : Impact 410 Functional group 
identification  

4. Thermo gravimetric 
    analyzer (TGA) 

Perkin Elmer: Pyris1  Thermal stability of the 
materials 

5. Surface area analyzer BEL Japan, BELSORP- 
mini 

Surface area 
determination 

6. Flame atomic absorption 
    spectrometer (FAAS) 

Perkin-Elmer : AAnalyst 
100 

Determination of Ag(I) 
concentration 

7. Cold vapor atomic  
    absorption spectrometer 
    (CVAAS) 

Perkin-Elmer : AAnalyst 
100 coupled with FIAS 
400 system 

Determination of Hg(II) 
concentration 
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Table 3.1 List of instruments (continued) 

Instruments Manufacture : Model Purpose 

9. Scanning electron 
    microscope (SEM) 

JOEL JSM-5410 LV Surface analysis of 
adsorbent 

10. pH meter Hanna instruments :  
pH 211 

pH measurement 

11. Centrifuge Sanyo : Centaur 2 Separation of adsorbents 
from solution 

12. Stirrer Gem: MS 101 Agitation of solution in 
extraction experiments 

13. Rotary evaporator Eyela : N-1000 Removal of solvent 
from ligand 

  

3.2 Chemicals  
           All chemicals used in this research are listed in Table 3.2. 
 
Table 3.2 List of chemicals   

Chemicals Suppliers / Grade 

Ferric chloride Fisher Chemicals / AR 
Cobalt nitrate hexahydrate Fisher Chemicals / AR 
Sodium nitrate Fluka / purum p.a. > 99% 
Sodium sulfate anhydrous Fisher Chemicals / AR 
Potassium nitrate BDH / AR 
Magnesium (II) nitrate hexahydrate Merck / GR for analysis  
Calcium nitrate tetrahydrate Riedel-de Haen®  / Assay 98% (GC) 
Nickel (II) nitrate hexahydrate Merck / for analysis 
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Table 3.2 List of chemicals (continued) 

Chemicals Suppliers / Grade 

Cadmium (II) nitrate tetrahydrate CARLO ERBA / for synthesis 
Lead (II) nitrate M&B Laboratory Chemicals / Assay 

≥ 99%  
Sodium hydroxide Merck / for synthesis 
Potassium hydroxide Merck / ACS 
Nitric acid Merck / for analysis 
Sodium acetate anhydrous CARLO / for analysis 
Silver standard solution (1000 ppm) Merck 
Mercury standard solution (1000 ppm) BDH / spectrosol 
Dichloromethane Fisher / AR 
Acetonitrile Merck / isocratic grade for LC 
Ethanol Merck / for synthesis 
Methanol Merck / for synthesis 
1,3-dibromopropane Merck / for synthesis  
Pentamethyldiethylenetriamine Merck / for synthesis 
Copper (I) bromide BDH / Laboratory reagents 
Cysteamine hydrochloride Fluka / purum ≥ 97% 
Calcium hydride Fluka / Assay ≥ 95%  
Dimethylformamide Fluka / puriss. p.a., Reagent. ACS 
Styrene monomer Fluka / for synthesis Assay ≥ 99%  
3-aminopropyltriethoxysilane Fluka / purum ≥ 98% (GC) 
Ethyl-2-bromopropionate Aldrich / 99% (GC) 
Chloroform D1 Merck / 99.8% for NMR spectroscopy 
Tin (II) chloride dihydrate Scharlau / ACS 
Sodium metal RDH 
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Table 3.2 List of chemicals (continued) 

Chemicals Suppliers / Grade 

Hydrochloric acid Merck / for analysis 
Potassium bromide  Merck / for IR spectroscopy 
Sodium borohydride Merck  
Potassium persulfate Merck/ for analysis 
Potassium permanganate Suksapan 
Hydroxylammonium chloride Merck/ for analysis  

 
3.3 Experimental procedures 
 

      3.3.1 Preparation of chemicals and reagents 
 
      De-ionized (DI) water and 0.05 M CH3COONa buffer solution were used to 
prepare all reagents. 
 
       Mercury solutions 
       Mercury standard solution (1000 mg L-1) was used to prepare the mercury 
solutions of desired concentrations by dilution with 0.05 M CH3COONa solution.  
 
       Silver solutions 
       Silver standard solution (1000 mg L-1) was used to prepare the silver solutions of 
desired concentrations by dilution with 0.05 M CH3COONa solution. 
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       Nitric acid solutions 
       Nitric acid solutions (1 and 5% v/v) were prepared by dilution of the concentrated 
nitric acid solution with DI water and used for pH adjustment and dilution of metal 
solutions for atomic absorption spectroscopic analysis. 
 
       Potassium hydroxide solutions      
       Potassium hydroxide solutions (1 and 5% w/v) were prepared by dissolving the 
appropriate amount of KOH in DI water and used for pH adjustment.  
 
       Sodium acetate solution 
       Sodium acetate solution (0.05 M) was prepared by dissolving the appropriate 
amount of CH3COONa in DI water and used in the preparation of metal solutions. 
 
      Acid carrier 
      Hydrochloric acid solution (3% v/v) was prepared by dilution of the concentrated 
hydrochloric acid solution with DI water and used in mercury analysis by CVAAS. 
 
      Tin (II) chloride solution 
      Tin (II) chloride solution was prepared by dissolving 80 g of SnCl2 in 200 mL of 
concentrated HCl. Then, the volume was adjusted to 1000 mL using DI water and used 
as reducing agent for mercury analysis by CVAAS. 
 
      Sodium borohydride solution  
      Sodium borohydride solution (0.5% w/v) was prepared by dissolving 5 g of NaBH4 

in 1000 mL of 0.05% NaOH solution. Then, it was used as reducing agent for mercury 
analysis by CVAAS in the desorption experiment.  
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      Potassium permanganate solution 
      Potassium permanganate solution (5% w/v) was prepared by dissolving 5 g of 
KMnO4 in 100 mL of DI water. It was used in wastewater digestion for Hg(II) 
determination. 
 

      Potassium persulfate solution 
      Potassium persulfate solution (5% w/v) was prepared by dissolving 5 g of K2S2O8 
in 100 mL of DI water. It was used in wastewater digestion for Hg(II) determination.  
 

      Sodium chloride-hydroxylammonium hydrochloride solution  
      NaCl (6 g) and NH2OH•HCl (6 g) were dissolved in 50 mL of DI water. It was 
used to reduce the excess permanganate in wastewater digestion method for Hg(II) 
determination. 
 

       Co-existing ions solutions 
       The solutions containing alkali and alkali earth metal ions (Na+, K+, Mg2+ and 
Ca2+) of 0.1 and 1.0 M and heavy metal ions (Ni2+, Cd2+, Pb2+) of 0.15, 0.5, 1.5 and 5.0 
mM were prepared by dissolving the appropriate amount of NaNO3, KNO3, 

Mg(NO3)2⋅6H2O, Ca(NO3)2⋅4H2O, Ni(NO3)2⋅6H2O, Cd(NO3)2⋅4H2O and Pb(NO3)2 in 
DI water. The solutions containing NO , SO  and Cl−

3
−2

4
- anions of 0.1 and 1.0 M were 

prepared by dissolving the appropriate amount of NaNO3, Na2SO4 and NaCl in DI 
water. These solutions were used in the study of the co-existing ions effect.  
 
       Ninhydrin solution 
       Ninhydrin solution was prepared by dissolving 500 mg of ninhydrin in 10 mL of 
ethanol. The yellow solution appeared after complete dissolving. This solution was 
used to confirm the presence of free terminal amine groups of AEPE on the surface of 
adsorbent and the success of AEPE modification.  
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        3.3.2 Synthesis of cobalt ferrite magnetic particles (CoFe2O4)  
 
        The cobalt ferrite magnetic particles (CoFe2O4) were synthesized via chemical co-
precipitation and used as solid support for preparation of adsorbent.  The synthesis 
reaction is shown in scheme 3.1. 

                                

32
32 )(2)(82 OHFeOHCoOHFeCo +→++ −++  
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2
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Scheme 3.1 Steps of the synthesis of cobalt ferrite magnetic particles (CoFe2O4) [130]. 
  
         In the first step, 3.52 g of ferric chloride (FeCl3) and 3.16 g of cobalt nitrate 
hexahydrate (Co(NO3)2.6H2O) were dissolved in 250 mL of DI water. This solution 
was stirred, followed by adding 29 mL of 6 M NaOH quickly at room temperature    
[111, 131]. The color of solution changed from red-orange to black and the black 
precipitates were formed. In the second step, the black precipitates were separated by 
centrifuge machine, washed with DI water for four times and dried in the oven 
overnight. In the last step, the precipitates were grided in a motar and calcined at     
500 oC for 6 hours and then grided again to obtain fine particles.  
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        3.3.3 Initiator modification of magnetic particles 
 
       In this work, the initiator was synthesized by the reaction between                       
3-aminopropyltriethoxysilane and ethyl-2-bromopropionate. Then the obtained 
initiator was modified on the surface of magnetic particle (MPs). These two reactions 
are shown in scheme 3.2. 
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Scheme 3.2 Synthesis of initiator and modification of magnetic particles with  
                            the initiator.  
   
           The initiator was synthesized as the following method. In the first step, 1.52 mL 
of 3-aminopropyltriethoxysilane, 0.96 mL of ethyl-2-bromopropionate and 40 mL of 
dried acetonitrile were added into the two-necked round bottom flask. The solution 
was stirred for 2 hours at 60 oC under nitrogen atmosphere. In the second step, 1.0 g of 
MPs was added into the solution and finally, the mixture was stirred for 24 hours at the 
same condition [125]. The particles were washed with ethanol (3 30 mL) and 
dichloromethane (3×30 mL) and dried at room temperature under vacuum.    

×
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         3.3.4 Coating of polystyrene on magnetic particles 

 
         The polystyrene coating was synthesized on the surface of magnetic particles via 
atom transfer radical polymerization (ATRP). The synthesis reaction is shown in 
scheme 3.3. 
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Scheme 3.3 Atom transfer radical polymerization of styrene on the surface of 
                            magnetic particles.  
 
       In the first step, 57.6 mg (0.4 mmol) of Cu(I)Br, 0.084 mL (0.4 mmol) of 
PMDETA and 2.0 mL of  DMF were added into the flask and the mixture was stirred 
under nitrogen atmosphere until the blue color appeared. Then 4 mL of styrene 
monomer and 1.0 g of initiator-coated magnetic particles (MPs-Ini) were added. The 
flask was degassed with nitrogen gas for one hour. Next, the mixture was stirred at 
110oC for 16 hours under nitrogen atmosphere. Finally, after the polymerization was 
completed, the polymerization solution was transferred to cold methanol [125]. The 
final product particles (MPs-PS) were washed with methanol (3×30 mL) and dried at 
room temperature under vacuum.    
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            3.3.4.1 Effect of initiator dose on polymer coating 
 
            The appropriate amount of the initiator for the polymer coating was studied 
by varying the initiator amount in the range of 3.2 – 8.0 mmol g-1 MPs. Then, these 
initiator-modified MPs (MPs-Ini) were used in the polymerization of styrene monomer 
via ATRP. To investigate whether the polymer was well coated on magnetic particles 
surface, the leaching amount of Co or Fe from the coated particles was determined and 
compared to that of uncoated particles. If the particles are well coated with the 
polymer, the particles would not be dissolved in strong acid solution. The polystyrene-
coated particles (MPs-PS) were stirred in 0.1 M HNO3 for 90 minutes. Finally, the 
mixture was filtered to separate MPs-PS from solution. FAAS analysis was performed 
to determine the concentration of Co and Fe dissolved in solution. Furthermore, the 
TGA analysis was employed to determine the amount of initiator grafted on MPs 
surface. The Co and Fe leaching results after FAAS determination and the results from 
TGA analysis were used in the consideration of the appropriate amount of initiator. 
 

      3.3.5 Synthesis of chelating ligand AEPE 
 
      The chelating ligand 2-(3-(2-aminoethylthio)propylthio)ethanamine (AEPE) was 
synthesized and used for the modification of magnetic particles. The synthesis reaction 
is shown in scheme 3.4. 

Br Br
+

Cl-H3N+ SH

EtOH,N2

40oC, 4hr
S

H2N

S

NH2  
Scheme 3.4 Synthesis of 2-(3-(2-aminoethylthio)propylthio)ethanamine (AEPE). 
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       Sodium metal (1 g, 42.9 mmol) was dissolved in 20 mL of ethanol and the 
solution was transferred into the flask that contained cysteamine hydrochloride (2.3 g, 
20 mmol). The mixture was stirred for 15 minutes at 15 oC before adding 1,3-dibromo 
propane (1.0 mL, 9.8 mmol) and then stirred for 4 hours at 40 oC under nitrogen 
atmosphere. The ethanol was evaporated by rotary vacuum evaporator at 50 oC. 
Sodium hydroxide solution (5 g in 15 mL DI water) was added to the residue and the 
mixture was kept in refrigerator overnight for phase separation of AEPE and aqueous 
solution. The AEPE ligand was then extracted by adding 10 mL of dichloromethane 
into the mixture. The obtained dichloromethane phase was washed with DI water 
(2 20 mL) and the moisture was removed by sodium sulfate anhydrous. Then, the 
dichloromethane phase was filtered and the solvent was removed by rotary vacuum 
evaporator at 40

×

 oC [132]. The yellow oil of AEPE was obtained after removing 
dichloromethane and characterized by 1H-NMR and 13C-NMR.  

 
         3.3.6 Modification of polystyrene-coated magnetic particles 
                (MPs-PS) by AEPE 
 
                The polystyrene-coated magnetic particles (MPs-PS) were modified with 
ligand AEPE. The synthesis reaction is shown in scheme 3.5. 
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         The MPs-PS (3 g) was dispersed in 100 mL of dried acetonitrile contained in 
round bottom flask and 1 g of AEPE was added. The mixture was stirred at 60 oC for 
24 hours under nitrogen atmosphere. The final product (MPs-PS-AEPE) was separated 
by external magnetic field, washed with ethanol (3 × 50 mL) and dried at room 
temperature under vacuum.  The overall synthesis pathway of MPs-PS-AEPE is shown 
in scheme 3.6. 
         The products were kept in desiccator. All the synthesized products obtained from 
each step were characterized by X-ray diffraction (XRD), Fourier transform infrared 
spectrometry (FT-IR), surface area analysis, scanning electron microscopy (SEM) and 
thermogravimetric analysis (TGA).   
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3.4 Characterization 
     
          The materials were characterized to confirm the success of the synthesis of 
each step. The characterization techniques used are NMR, XRD, FT-IR, TGA, SEM 
and surface area analysis. 
 

         3.4.1 Characterization of chelating ligand 
 
                 The ligand AEPE was dissolved in deuterated chloroform D1 (CDCl3) 
and characterized by 1H-NMR and 13C-NMR. The chemical shifts were recorded and 
reported in part per million (ppm). 
 

          3.4.2 Characterization of modified magnetic particles 
 
                     The modified and bare MPs were characterized by XRD, FT-IR, TGA, 
SEM and surface area analysis. The details of each characterization technique or 
operating instrument conditions are given as following. 
 
                     X-ray diffractometer (XRD) 
                     X-ray diffractometer was used for the characterization and the XRD 
pattern was recorded in the range of 25 to 65 two-theta (2θ). The d-spacing values 
were also determined. 
 
                    Fourier transforms infrared spectrometer (FT-IR)  
                    FT-IR was used for characterization of functional groups modified on the 
MPs surface using KBr pellet technique. Infrared spectra were recorded from 400-
4000 cm-1 in transmittance mode.  
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                    Thermogravimetric analysis (TGA) 
                    Thermogravimetric analysis is an analytical technique used to investigate 
the thermal stability of the materials. The weight loss of materials as function of 
temperature was measured under nitrogen atmosphere from 50 to 900 oC at the heating 
rate of 10 oC min-1 to confirm the difference in the chemical composition of the 
material before and after the modification. 
 
                     Surface area analysis 
                     The BET model and N2 adsorption-desorption isotherms were used to 
determine the specific area of the modified and bare MPs. 
 
                     Scanning electron microscopy (SEM) 
                     SEM was used to exhibit the outer surface, size and shape of the bare 
MPs, MPs-Ini, MPs-PS and MPs-PS-AEPE. 

 
3.5 Ninhydrin test  
  
          Ninhydrin test is the well-known method for qualitative analysis of amino acid 
group. In this work, ninhydrin test was used to detect terminal primary amine groups 
of chelating ligand AEPE modified on adsorbent. A small amount of adsorbents (MPs-
PS-AEPE) was transferred into a glass test tube and 1 mL of ninhydrin solution was 
added. The mixture was heated to 100 oC. The color of solution will change from 
yellow to purple or dark blue when terminal primary amine groups are present. The 
color of solution remains yellow when there is no terminal primary amine group on the 
surface of adsorbent.  
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3.6 Adsorption study 
       
          The batch method was used for adsorption study in this research. The 
adsorption of Hg(II) and Ag(I) ions in aqueous solutions by MPs-PS-AEPE was 
studied. Adsorbent (0.005 g) was added to 5 mL of metal ions solutions. The pH and 
ionic strength of solutions were controlled by using 0.05 M CH3COONa. The mixture 
was stirred at a specific time before the adsorbents were separated by external 
magnetic field or centrifugation. Atomic absorption spectrometer was used to 
determine the residual concentrations of metal in solution. The operating parameters 
are shown in Table 3.3. The values of the initial pH and the pH at equilibrium were 
measured before and after extraction.  
              The effect of pH of metal solution, extraction time, ionic strength, co-existing 
ions, initial concentration, adsorbent dose were studied. All adsorption experiments 
were performed in triplicates.  
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Table 3.3 AAS operating conditions for measurement of metals concentrations in 
aqueous solutions 

Operating condition Hg Ag 

Wavelength (nm) 253.7 328.1 
Slit width 0.70 0.70 
Lamp type HCLa HCLa

Lamp current (mA) 8 15 
C2H2 flow rate (min-1) - 3 
Air flow rate (min-1) 100b 10 
Working range (mg L-1) 0.05-0.3 0.5-3.0 

         The concentrations of mercury and silver were determined by CVAAS and 
FAAS, respectively. 

         a Hallow Cathode Lamp 
         b Argon flow rate 
 
 

         3.6.1 Effect of pH of metal ion solutions 

                       
                    The effect of pH on extraction efficiency was studied by varying the pH in 
the range of 1.0-8.0. The initial concentrations of Hg(II) and Ag(I) ions were 30 and 50 
mg L-1, respectively. The pH and ionic strength were controlled by 0.05 M 
CH3COONa buffer solution. The pH of solutions was adjusted to the desired value 
using KOH (1 and 5% w/v) or HNO3 (1 and 5% v/v). The experiments were performed 
by using 0.005 g of adsorbent in 5 mL of metal solutions. The mixture was stirred for 
an hour and then the adsorbent was separated by external magnetic force or 
centrifugation. The residual concentration of metal were determined by FAAS for 
Ag(I) solution and CVAAS for Hg(II) solution.                
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       3.6.2 Effect of extraction time 
 
                   The influence of extraction time on extraction efficiency was studied by 
using contact time from 5 to 180 minutes. The initial concentration of Hg(II) and Ag(I) 
ions were 30 and 50 mg L-1, respectively. The experiments were performed by using    
0.005 g of adsorbent in 5 mL of metals solution at pH 7 for Hg(II) or pH 5 for Ag(I). 
Furthermore, the pH and ionic strength were controlled by 0.05 M CH3COONa buffer 
solution. The residual Hg(II) and Ag(I) ions concentrations were determined by 
CVAAS and FAAS, respectively.  
 

       3.6.3 Effect of ionic strength 

 
                    The effect of ionic strength on extraction of Hg(II) and Ag(I) ions was 
investigated using NaNO3  in the concentration range of 0.01-1.00 M. The experiments 
were performed by using 0.005 g of adsorbent in 5 mL of metals solution at pH 7 for 
Hg(II) or pH 5 for Ag(I). The mixture of adsorbent and metals solution was stirred for 
60 minutes. 
 

         3.6.4 Effect of coexisting ions 

 
                    The effect of coexisting ions on extraction efficiency was investigated 
using alkali, alkali earth metal ions (Na+, K+, Mg2+ and Ca2+), heavy metal ions (Ni2+, 
Cd2+ and Pb2+) and NO , SO and Cl−

3
−2

4
- anions as coexisting ions. The extraction of 

Hg(II) ions was performed using the concentration of alkali, alkali earth metal ions and 
anions of 0.1 and 1.0 M and heavy metal ions of  0.15 and 1.50 mM in Hg(II) solution 
(30 mg L-1). 
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                    The extraction of Ag(I) ions was performed using the concentration of 
alkali, alkali earth metal ions and anions of 0.1 and 1.0 M and heavy metal ions of 0.5 
and 5.0 mM in Ag(I) solution (50 mg L-1). 
 

       3.6.5 Adsorption isotherm 
 
                  In this experiment, the initial concentrations of Hg(II) and Ag(I) solution 
were varied in the range of 30-200 and 40-170 mg L-1 at fixed adsorbent amount. The 
experiments were performed using the optimum pH and extraction time. The 
temperature was controlled at 25±0.5 oC. The equilibrium concentrations were 
determined by CVAAS and FAAS for Hg(II) and Ag(I) ions, respectively. 
 

         3.6.6 Effect of adsorbent dose and adsorption kinetics 

 
                    In this study, the adsorbent dose was varied in the range of 0.005-0.030 g 
for extraction of metal ions in 5 mL solution. The initial concentration of Hg(II) and 
Ag(I) solutions at pH 7 and 5 were 30 and 100 mg L-1, respectively. The extraction 
time was varied from 5-180 minutes. The extraction efficiencies of each adsorbent 
dose were determined as the function of extraction time. Two models of adsorption 
kinetics plot (pseudo-first order and pseudo-first order) were adopted.    
 

3.7 Desorption study 
 
          The elution of adsorbed Hg(II) or Ag(I) from used adsorbent (MPs-PS-AEPE) 
was investigated using batch method. Thiourea and HNO3 were used as eluent in this 
study. Eluent (5 mL) was added to 0.005 g of used adsorbent. Then, the mixture was 
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stirred for one hour and adsorbent was separated from eluent. The concentrations of 
eluted Hg(II) and Ag(I) were determined by CAAAS and FAAS, respectively.  
 

         3.7.1 Type of eluent 
 
                   Thiourea and nitric acid (HNO3) were used as eluent. The HNO3  

concentration was varied in 1% and 5% v/v. The concentration of thiourea was varied 
in 0.1, 0.5 and 1.0 M, then mixed with 1% and 5% v/v HNO3. The used adsorbent was 
obtained from the adsorption experiment using the initial concentration of 100 and 50 
mg L-1 for Hg(II) and Ag(I), respectively. The used adsorbent containing Hg(II) or 
Ag(I) ions was stirred with 5 mL of various type and concentration of eluents for an 
hour. Then, the adsorbent was separated. The concentrations of Hg(II) and Ag(I) in 
eluent after desorption were determined by CAAAS and FAAS, respectively.  
 

           3.7.2 Effect of desorption time 
 
                       The suitable eluent was selected from the results of experiment 3.7.1. In 
the study of Ag(I) desorption , the desorption time was investigated by using the time 
from 15-180 minutes. Then, the concentrations of Ag(I) in eluent were determined.  
 

           3.7.3 Reusability of the adsorbent 
 
                      The repeated adsorption/desorption cycles were performed 6 and 10 
cycles for extraction of Ag(I) and Hg(II), respectively. The suitable eluent and 
desorption time from the experiment 3.7.1 and 3.7.2 were used. Then, the Hg(II) and 
Ag(I) concentrations after both extraction and desorption were determined.   
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3.8 Application to real water sample 
 

The wastewater samples used in this experiment were collected from the 
laboratory of Gem and Jewelry Institue of Thailand and a petrochemical industry plant. 
The extraction efficiency of Hg(II) and Ag(I) from real samples by MPs-PS-AEPE was 
investigated. 

 

        3.8.1 Wastewater from Gem and Jewelry Institute of Thailand  
   
           Before application in extraction experiments, the concentration of Ag(I) 

in wastewater from the laboratory of Gem and Jewelry Institue of Thailand was 
determined by FAAS. The pH was also measured. The pH value and concentration of 
Ag(I) in wastewater was about 1.7 and 4,600 mg L-1, respectively. 

           The sample solution used in this experiment was prepared by dilution 
3.30 mL of the wastewater to 100 mL with 0.05 M CH3COONa to control pH value to 
pH 5.0. The concentration of Ag(I)  ions in wastewater after dilution was 145 mg L-1. 
The sample solution (5.0 mL) was extracted by using 0.005, 0.010, 0.020 or 0.030 g of 
MPs-PS-AEPE with the extraction time of 60 minutes. The residual concentration of 
Ag(I) was determined by FAAS. The experiment was performed in triplicate.  
 

            3.8.2 Wastewater from petrochemical industry plant  
 
            The wastewater containing mercury provided from the petrochemical 

industry plant (Rayong province) was filtered and preserved by treating with nitric 
acid. The pH of sample solution was measured. Then, the wastewater sample was 
digested using ASTM3223 standard method [133] to reduce the interference and to 
ensure that the mercury in sample was converted to the mercuric ions before the 
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extraction and determination of the mercury concentration by cold-vapor atomic 
absorption standard method [134]. Wastewater sample was digested with nitric acid, 
sulfuric acid, potassium persulfate and potassium permanganate solutions. After the 
digestion was completed, the excess permanganate was reduced with hydroxylamine. 
Thereafter, the obtained transparent aqueous solution was used to determine the initial 
mercury concentration in wastewater sample.  

 
            The raw wastewater (10.0 mL) was filtered and extracted by using 

0.005 and 0.010 g of MPs-PS-AEPE with the extraction time of 60 minutes. After 
extraction, the sample was digested using standard method and the residual 
concentration of Hg(II) was determined by CVAAS. This experiment was performed 
in triplicate. 

 
            The steps of the digestion method adapted from ASTM3223 and cold-

vapor atomic absorption standard method are described below. 
 
Digestion method  
1. Wastewater sample (10 mL) was transferred into the 250 mL flask. 
2. The concentrated sulfuric acid (0.5 mL) and nitric acid (0.25 mL) was added 

under the continuous stirring. 
3. Potassium permanganate solution (5% w/v) (1.0 mL) was added to the flask.  
     The solution in the flask was stirred. If necessary, more volume of KMnO4 

could be added until the purple color persists.  
4. Potassium persulfate solution (5% w/v) (5.0 mL) was added to the flask. The 

flask was heated in water bath at the digestion temperature of 95 oC for 2 
hours. 
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5. The flask was cooled and the sodium chloride-hydroxylammonium 
hydrochloride solution was added to reduce the excess permanganate until 
the solution was transparent. The concentration of mercury in the obtained 
solution was then determined.  

 
 
 
 
                       
       
                    
 
  
 
 
 

 
          
                 

 
 
 
 

  

 



CHAPTER   IV 
 

RESULTS AND DISCUSSION 
 
4.1 Characterization  
 

      4.1.1 Characterization of chelating ligand AEPE 
 
                   The chelating ligand AEPE was synthesized by the reaction between 
cysteamine hydrochloride and 1,3-dibromopropane via nucleophilic substitution 
reaction proposed by S.B. Choudhury [135]. The nucleophile was generated by 
ethoxide base that abstracted proton of -SH group and then reacted with 1,3-dibromo 
propane containing bromides as leaving groups. The synthesis of AEPE was carried 
out with the 2:1 mole ratio of cysteamine hydrochloride and 1,3-dibromopropane. The 
product was obtained as yellow oil. The synthesis of AEPE is shown in scheme 4.1. 
 

Br Br
+

Cl-H3N+ SH

Na/ EtOH, N2

40oC, 4hr
S

H2N

S

NH2  
Scheme 4.1 The synthesis of 2-(3-(2-aminoethylthio)propylthio)ethanamine (AEPE). 

 

               The 1H-NMR spectrum of AEPE was recorded in CDCl3 (Figure 4.1).     
1H-NMR spectrum of aliphatic protons showed 3 multiplets due to the symmetrical 
structure of  chelating ligand AEPE as follows : δ (ppm) 1.83 (2H, t, CH2CH2CH2, J = 
7.02 Hz), 2.59 (8H, t, SCH2, J = 6.24 Hz) and 2.84 (4H, t, CH2NH2, J = 6.24 Hz).  
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                   The 13C-NMR spectrum of AEPE was obtained with the chemical shifts as 
follows:  δ (ppm) 29.4 (1C, s, CH2CH2CH2), 30.5 (2C, s, SCH2CH2NH2), 36.2 (2C, s, 
CH2CH2CH2S), and 41.0 (2C, s, NH2CH2CH2). The 13C-NMR spectrum of AEPE is 
shown in Figure 4.2. These results indicate that AEPE was successfully synthesized. 
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Figure 4.1 The 1H-NMR spectrum of AEPE in CDCl3. 
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Figure 4.2 The 13C-NMR spectrum of AEPE in CDCl3.  
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       4.1.2 Synthesis and characterization of polystyrene-coated 
magnetic particles modified with 2-(3-(2-aminoethylthio)propyl 
thio)ethanamine (MPs-PS-AEPE)  
 

                   The synthesis pathway of MPs-PS-AEPE is shown in scheme 4.2. 
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Scheme 4.2 The synthesis pathway of MPs-PS-AEPE. 
 

                   The synthesis of MPs-PS-AEPE started with the synthesis of magnetic 
particles (MPs) by chemical co-precipitation between Co2+ and Fe3+. In the second 
step, the synthesis of initiator (Ini) was performed by reaction between 3-aminopropyl 
triethoxysilane and ethyl-2-bromopropionate, followed by silanization of silane groups 
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of initiator onto the surface of MPs. The reaction occurred between ethoxy groups of 
initiator and hydroxyl groups on MPs surface yielding MPs-Ini as a product and 
ethanol as a by-product. In the next step, the styrene monomer was polymerized on the 
surface via atom transfer radical polymerization (ATRP) to give the product MPs-PS, 
which had polystyrene coating on the surface with bromide leaving groups at the chain 
end of polystyrene. In the final step, the polystyrene shell was modified with the 
chelating ligand AEPE through nucleophilic substitution reaction and the final product 
MPs-PS-AEPE was obtained.  
 

           4.1.2.1 Effect of initiator dose 
  
                           In the synthesis of MPs-PS-AEPE, the effect of the initiator amount 
used to graft on the surface of magnetic particles (MPs) was investigated by varying 
the amount of synthesized initiator in the range of 3.2 – 8.0 mmol g-1 MPs prior to the 
polymerization of styrene monomer.  
                           The thermal stability of MPs-Ini prepared from each initiator amount 
was investigated. The results from thermo gravimetric analysis (TGA) are shown in 
Figure 4.3. The decomposition of the initiator grafted on the surface of magnetic 
particles (MPs) was observed in the temperature range of 250-550oC. This temperature 
onset was not present in bare magnetic particles’ TGA profile. The TGA curve of 
MPs-Ini shows the average weight loss of 3.30, 4.54, 5.01 and 4.25 % when used the 
initiator amount of 3.2, 4.8, 6.4 and 8.0 mmol g-1 MPs, respectively. This weight loss 
corresponds to the loss of initiator molecules grafted on MPs surface. Furthermore, the 
slight weight loss above 500oC of MPs-Ini confirms that the siloxy groups of the 
synthesized initiator were present and the initiator was grafted on the MPs surface 
[14]. The results of the initiator amount grafted on MPs surface in each added initiator 
amount are shown in Table 4.2. The results indicate that an increase of initiator amount 
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above 4.8 mmol g-1 MPs would not result in a higher amount of initiator on MPs. 
Therefore, the initiator dose of 6.4 mmol g-1 MPs was chosen to prepare the MPs-PS-
AEPE due to the least % leaching and the appropriate amount grafted on MPs surface.  
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a 
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 Figure 4.3 TGA curves of MPs-Ini prepared by using initiator amount of (a) 3.2,     
(b) 4.8, (c) 6.4 and (d) 8.0 mmol g-1 MPs. 
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Table 4.1 The amount of initiator grafted on MPs calculated from TGA of MPs-Ini 
using different initiator amount in the synthesis  
 

Added initiator amount 
(mmol g-1 MPs) 

Grafted initiator amount 
(mmol g-1 MPs)a

3.2 0.18 ± 0.01 
4.8 0.25 ± 0.01 
6.4 0.28 ± 0.02 
8.0 0.23 ± 0.01 

                       
                        a Mean ± S.D. (n=3) 
                        
                         The obtained MPs-PS was tested for stability in acidic solution and the 
leaching amount of Co and Fe from the particles was determined. If the MPs surface is 
well coated by polystyrene, the extent of particles dissolution in acid solution will 
diminish, compared to the bare magnetic particles. The % leaching was calculated 
from the amount of the metal ions leached from MPs-PS in acidic solution using the 
equation 4.1.The results are shown in Table 4.1.  
 

                                        % leaching = 100×
 

 
amount total

amount
particles

leaching                 (4.1) 

 

                          amount leaching   =   amount of Co or Fe leached from particles (mg) 

                 total amount particles    =   amount of Co or Fe in particles (mg) 
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Table 4.2 The results of % leaching of MPs-Ini and MPs-PS when varied the initiator 
amount 
 

Amount of  % Leaching* 

initiator MPs-Ini MPs-PS 

(mmol g-1 MPs) Co Fe Co Fe 

3.2 0.26±0.01 0.25 0.06 0.06±0.01 
4.8 0.20 0.21 0.04 0.04 
6.4 0.18 0.21±0.01 0.03 0.03±0.01 
8.0 0.22 0.23±0.01 0.04 0.04±0.01 

   * Mean ± S.D. (n=3) 
        The % Co and Fe leaching of MPs were 2.25 ± 0.16 and 2.56 ± 0.08 %, respectively.  
 

                            The high % leaching of Co and Fe was observed when the bare 
magnetic particles (MPs) were in the strong acidic solution. When MPs was grafted 
with the initiator, the percentage leaching decreased because the grafted initiator layer 
prevented the direct contact between MPs and acid. Therefore, the particles dissolution 
was less likely to occur. Moreover, the percentage leaching decreased more 
significantly when MPs was coated with polystyrene. The results can infer that the 
MPs-PS was successfully prepared in each initiator dose. From the leaching results of 
MPs-Ini prepared by using various initiator doses, a slight decrease of percentage 
leaching was observed with an increase of initiator dose from 3.2 to 6.4 mmol g-1 MPs. 
On the other hand, a slight increase of % leaching was observed when used 8.0 mmol 
of initiator per gram of MPs. The use of a high concentration of initiator may lead to 
the condensation of siloxy groups of initiator molecules resulting in a lower amount of 
the free initiator to be grafted on MPs surface. The trends of % leaching of Co and Fe 
from MPs-PS and MPs-Ini are in the same direction. From the ANOVA statistic 
calculation, in each initiator dose, the % leaching of Co and Fe from MPs, MPs-Ini and 
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MPs-PS are different significantly at the 95% confidence limit. Thus, the initiator 
grafting and polystyrene coating on MPs surface improved the stability of the particles 
in acidic solution. When increased the initiator amount from 3.2 to 8.0 mmol g-1 MPs, 
the Co2+ and Fe3+ % leaching values of both MPs-Ini and MPs-PS are different 
significantly at the 95% confidence limit. The increase in the initiator amount resulted 
in a better coating of polymer on MPs surface and hence improved the stability of the 
particles in acidic solution. The initiator doses of 3.2 and 4.8 mmol g-1 MPs are not 
suitable due to the relatively high % leaching. When compared the amount of initiator 
of 6.4 to 8.0 mmol g-1 MPs, the calculation from t-Test statistics showed that the values 
of % leaching of Co and Fe from MPs-PS are not different. Therefore, the initiator 
dose of 6.4 mmol g-1 MPs was chosen to prepare the MPs-PS-AEPE afterwards due to 
the least % leaching.  
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           4.1.2.2 X-ray diffraction spectrometry 
 

                          X-ray diffraction spectrometry was used to characterize the structure 
of the modified magnetic particles compared to the bare magnetic particles. The results 
are shown in Table 4.3 and Figure 4.4. 
 

Table 4.3 The d-spacing and 2-theta values of modified magnetic particles compared 
to bare magnetic particles 
  

Phase d220(A
๐)/2 θ d311(A

๐)/2 θ d400(A
๐)/2 θ d422(A

๐)/2 θ d511(A
๐)/2 θ d440(A

๐)/2 θ 

MPs 2.94/30.34 2.52/35.58 2.08/43.40 1.71/53.64 1.61/57.34 1.48/62.95 
MPs-Ini 2.96/30.20 2.52/35.60 2.09/43.20 1.71/53.60 1.61/57.10 1.48/62.66 
MPs-PS 2.96/30.10 2.52/35.50 2.09/43.35 1.71/53.56 1.61/57.11 1.48/62.75 

MPs-PS-AEPE 2.96/30.20 2.53/35.48 2.09/43.25 1.71/53.56 1.61/57.16 1.48/62.77 
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Figure 4.4 XRD patterns of (a) MPs, (b) MPs-Ini, (c) MPs-PS and (d) MPs-PS-AEPE. 
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              The XRD pattern of MPs (Figure 4.3a) shows the characteristic peaks at 
around 30.3๐, 35.6๐, 43.4๐, 53.6๐, 57.3๐ and 62.9๐ 2θ, which are well indexed to the 
reflection of the crystal plane of spinel structure and correspond to the miller indices of 
(220), (311), (400), (422), (511) and (440), respectively [136, 137]. Moreover, the 
XRD patterns of MPs-Ini, MPs-PS and MPs-PS-AEPE (Figure 4.3b-d) show the same 
characteristic peaks as those of MPs. These patterns of all diffraction peaks match well 
to those of JCPDS card 22-1806 for CoFe2O4. It indicates that the main structure of 
MPs did not change after coating with polystyrene and modification with AEPE. These 
results also reveal that the modification occurred only on the surface of MPs. The 
XRD reflections show the characteristics of cubic spinel structure resulted from the 
formation of oxyhydroxide phase as an intermediate in the process which was 
converted to spinel under controlled conditions [136]. The interplanar reflections of 
oxyhydroxide phase and spinel phase are closely related.  

 
            4.1.2.3 Fourier transforms infrared spectroscopy 
 
                          The functional groups and surface chemical compositions of the 
magnetic particles (MPs), MPs-Ini, MPs-PS and MPs-PS-AEPE were investigated by 
FT-IR technique. The FT-IR spectra of MPs, MPs-Ini, MPs-PS and MPs-PS-AEPE are 
shown in Figure 4.5. The FT-IR bands of the bare magnetic particles and the new 
bands after coating with polystyrene and modification with chelating ligand AEPE are 
interpreted as follow.  
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  Figure 4.5 FT-IR spectra of (a) MPs, (b) MPs-Ini, (c) MPs-PS and (d) MPs-PS-AEPE.  
 
                   Figure 4.5(a) shows the FT-IR spectrum of bare magnetic particles. The 
characteristic peak at 587 cm-1 corresponds to the Fe-O and Co-O vibrations at 
tetrahedral site related to magnetite phase [121, 138-140]. After initiator modification 
(Fig 4.5(b)), the characteristic peaks of the Si-O-Si stretching vibration are present at 
1035 cm-1 and 1127 cm-1. The small peak at 1226 cm-1 corresponds to C-N bond 
stretching and the peaks at 1614 cm-1 and 1742 cm-1 correspond to amide bond (N-CO) 
stretching. When the particles were coated with polystyrene (Fig 4.5(c)), the signal of 
aliphatic C-H bond stretching appears at 2929 cm-1 and the C=C bond stretching of the 
conjugated ring does at 1642 cm-1 and 1458 cm-1. A new small peak for N-H bond 
bending is observed at 1378 cm-1 after surface modification with AEPE (Fig 4.5(d)). 
These results are sufficient to infer that the adsorbent MPs-PS-AEPE was successfully 
prepared.           
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            4.1.2.4 Thermogravimetric analysis 

 
                             The thermal stability of the modified magnetic particles was 
investigated to confirm the presence of modified components by following the 
decomposition of organic contents and the structural degradation of metal oxide. The 
results from thermogravimetric analysis (TGA) are shown in Figure 4.6. All TGA 
curves show the weight loss at the temperature below 200oC due to the vaporization of 
moisture and organic solvent used for synthesis. The decomposition of the organic 
compounds modified on the surface of magnetic particles (MPs) was observed in the 
temperature range of 175-550oC as shown in Figure 4.6b-d. The TGA curve of MPs-
Ini (Figure 4.6b) shows the weight loss of 6.60% at the temperature range of 250-
500oC. This weight loss corresponds to the loss of initiator molecules grafted on MPs 
surface in the first step. Furthermore, the slight weight loss above 500oC of MPs-Ini 
confirms that the siloxy groups of the synthesized initiator were present and the 
initiator was grafted on the MPs surface [141].  
                               The TGA curve of MPs-PS (Figure 4.6c) shows the weight loss of 
12.80% at the temperature range of 350-550oC. The similar result was found in the 
previous research of Sun et al. [125] when Fe3O4 particles were coated with 
polystyrene. This weight loss corresponds to the loss of polystyrene coated on MPs 
surface. An increase in weight loss of 0.95% in the temperature range of 175-300oC 
was observed when MPs-PS was modified with AEPE ligand (Figure 4.6d). The TGA 
curve of MPs-PS-AEPE shows the weight loss of 13.75 % in the temperature range of 
175-550oC due to the presence of AEPE and polystyrene molecules [141]. The 
increasing trend of weight loss from the materials indicates that the surface was 
successfully modified by different molecules.  
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Figure 4.6 TGA curves of (a) MPs, (b) MPs-Ini, (c) MPs-PS  and (d) MPs-PS-AEPE.  
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            4.1.2.5 Surface area analysis 
 
                             The surface area of MPs, MPs-Ini, MPs-PS and MPs-PS-AEPE were 
determined by surface area analyzer using BET model. The results are shown in Table 
4.4. The results show a significant decrease in surface area of MPs-Ini compared to 
MPs due to the grafting of initiator molecules on MPs surface. Moreover, MPs-PS and 
MPs-PS-AEPE show the very low surface area compared to MPs and MPs-Ini because 
of the non porous polystyrene coating on the agglomerates of MPs. Thus, these results 
indicate that the polystyrene was coated on the surface after initiator grafting.  
 
Table 4.4 The results of surface area analysis 
 

Phase Surface area (m2 g-1)* Total pore volume (× 10-3cm3g-1) * 

MPs 47.54 ± 4.30 217.87 ± 4.44 

MPs-Ini 23.69 ± 1.90 78.61 ± 5.62 

MPs-PS 1.02 ± 0.28 4.81 ± 1.03 

MPs-PS-AEPE 0.71 ± 0.21 4.63 ± 0.91 

* Mean ± S.D. (n=3) 
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            4.1.2.6 Scanning electron microscopy 
 
                              Scanning electron microscope (SEM) was used to exhibit the 
change of surface of materials after polystyrene-coating and AEPE-modification. The 
SEM images are shown in Figure 4.7. 
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Figure 4.7 SEM images of (a) MPs, (b) MPs-Ini, (c) MPs-PS  and (d) MPs-PS-AEPE. 

 
                               From SEM images, the outer surface of MPs was changed after 
polystyrene coating and AEPE modification. The outer surface of agglomerate 
particles appears to be smoother as a result of polymer coating. This confirms that the 
polystyrene was coated on MPs surface. 
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            4.1.2.7 Ninhydrin test 
 
                             Ninhydrin method was used to detect terminal primary amine groups 
of the chelating ligand AEPE on the surface of adsorbent. The color of ninhydrin 
solution changes from yellow to purple if the free primary amine groups are present in 
solution. The color of ninhydrin solutions was yellow when tested with MPs, MPs-Ini 
and MPs-PS. These results agreed with their structure, which had no free terminal 
primary amine groups. However, when tested with MPs-PS-AEPE, the color of 
ninhydrin solution changed from yellow to purple as shown in Figure 4.8. The 
expected color change indicates that there were free terminal primary amine groups of 
AEPE on the adsorbents. The experimental results of ninhydrin test are shown in Table 
4.5. 
 

 

a b c d 

 

Figure 4.8 Ninhydrin test of (a) MPs, (b) MPs-Ini, (c) MPs-PS and (d) MPs-PS-AEPE. 
 

Table 4.5 Ninhydrin test results  
Phase Color of solution 

MPs yellow 
MPs-Ini yellow 
MPs-PS yellow 

MPs-PS-AEPE purple 
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4.2     Adsorption study 
 
            The MPs-PS-AEPE was used as adsorbent in adsorption study of Hg(II) and 
Ag(I) ions in aqueous solutions using batch method. The effect of pH, extraction time, 
ionic strength, and coexisting ions were studied and the optimized condition for metal 
ions extraction was proposed. The adsorption isotherms and adsorption kinetics were 
also investigated. Moreover, types of eluent, elution time and adsorbent reusability 
were studied after adsorption experiment.  
            The metal ions extraction efficiency is presented in term of % extraction and 
adsorption capacity, calculated from the change of the metal concentration in solution 
using the equations 4.2 and 4.3, respectively, 
 

                           Extraction (%) 100×
−

=
i

ei

C
CC

                           (4.2) 

 

                           Adsorption capacity (q) 
m

VCC ei )( −
=                 (4.3) 

 
            where      q  =  adsorption capacity (mg g-1) 
                          Ci   =   initial concentration of metal ions in aqueous solution (mg L-1)  
                          Ce  =  equilibrium concentration of metal ions in aqueous solution 
                                   (mg L-1) 
                          V  =  volume of metal ions solution (L) 
                          m  =  mass of adsorbent (g) 
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      4.2.1 Effect of pH of metal ion solutions 
 

                   The influence of solution pH on metal extraction depends on the nature of 
adsorbent (e.g. functional groups on adsorbent surface) and metal ions. The solution 
pH may have two effects on metal ions extraction in the following: (i) the form of 
chelating ligand would change due to the protonation or deprotonation of the donor 
site of chelating ligand and (ii) the metal ions are present in different species in 
solution e.g. hydrolyzed species, metal-hydroxide. Thus, the suitable pH value of 
solution must be higher than pKa value of the donor site and lower than Ksp of the 
metal-hydroxide formation. The extraction of metal ions as a function of solution pH 
was investigated to obtain the suitable pH for extraction.  
                   The initial pH of Hg(II) or Ag(I) solution was varied in the range of 1-8 
using buffer solutions. The extraction of Hg(II) and Ag(I) in aqueous solution by MPs, 
MPs-PS and MPs-PS-AEPE are shown in Figures 4.9 and 4.10, respectively.  
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Figure 4.9 Effect of pH on extraction of Hg(II) ions (30 mg L-1) by MPs, MPs-PS and 
MPs-PS-AEPE. 
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Figure 4.10 Effect of pH on extraction of Ag(I) ions (50 mg L-1) by MPs, MPs-PS and 
MPs-PS-AEPE. 
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Figure 4.11 The diagram of mercury speciation as a function of pH [76]. 

 
                 The extraction efficiency of both metals by MPs-PS-AEPE was clearly 
greater than that observed when used MPs and MPs-PS. This result could be explained 
by the presence of sulfur and nitrogen donor atoms on the surface of MPs-PS-AEPE 
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which can form complex with Hg(II) and Ag(I) via coordination. According to Pearson 
rule, sulfur is a soft base that prefers to form complex with the soft acid i.e. Hg(II) and 
Ag(I) [142, 143]. It was found that the extraction efficiency of Hg(II) in aqueous 
solution by MPs were low ( ≤ 20.3% ) at all pH values. Considering the pHPZC or the 
pH at the point of zero charge, that is the pH at which the net charge on surface is 
equal to zero (the extent of positive charge equal to that of negative charge), the pHPZC 
of magnetic particles (MFe2O4, M: Fe, Co and Mn) was reported to be in the range of 
6.50 - 6.78 [121, 144-146]. If the pH of aqueous solution is lower than pHPZC, the 
surface of MPs can be protonated resulting in positively charged surface. On the other 
hand, if the solution pH is higher than pHPZC, the surface of MPs can be deprotonated 
and becomes the negatively charged surface [144, 162]. Furthermore, the Hg(II) 
speciation diagram (Figure 4.10) obtained from literature [76, 147, 148] shows that 
Hg(II) species exist as Hg2+, HgOH+ and Hg(OH)2 at pH lower than 6.0 and the 
dominant species of Hg(II) at the pH higher than 6.0 is Hg(OH)2 only. Therefore, the 
low efficiency in Hg(II) extraction by MPs observed at pH lower than 6.0 can be 
explained by the electrostatic repulsion between positively charged surface and 
cationic species of Hg(II). At the pH higher than 6.0, the adsorption of neutral species 
(Hg(OH)2) on the negatively charged surface may occur, the mechanism is still 
unknown, resulting in higher extraction efficiency.  
                  In the case of MPs-PS-AEPE, the results show that the % extraction 
increased with increasing the pH of solution and the optimal pH for extraction was pH 
7.0-8.0 with the % extraction of 89.51 - 89.83%. These results can be explained by the 
different affinity of sulfur and nitrogen donor atoms of AEPE toward different Hg(II) 
species. Regarding the mercury speciation (Figure 4.10) [76], the major species of 
Hg(II) are Hg2+ at pH less than 4.0. The mixture of Hg2+, Hg(OH)+ and Hg(OH)2 may 
be found at pH 4-6, and Hg(OH)2 is the dominant species at the pH higher than 6.0. 
The neutral molecules are softer acid than metal ions according to Pearson rule. 
Therefore, at the equilibrium pH of 7.0 - 8.0 the coordination of AEPE with Hg(OH)2 
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occurred with higher affinity, compared to the coordination of AEPE with Hg(II) 
cationic species [142, 143]. On the other hand, in acidic solution, the amine groups of 
AEPE on MPs-PS-AEPE surface would be protonated, resulting in the lower binding 
affinity of the protonated AEPE with Hg(II) cationic species, compared to the binding 
affinity of the non-protonated AEPE with Hg(OH)2. Hence, the low extraction 
efficiency of Hg(II) by MPs-PS-AEPE was observed at the equilibrium pH of 1.0 - 6.0. 
                  In the case of Ag(I) extraction, Figure 4.10 shows the effect of pH on 
extraction of Ag(I) in aqueous solution by MPs, MPs-PS and MPs-PS-AEPE. The % 
extraction of Ag(I) by MPs and MPs-PS-AEPE increased with increasing the solution 
pH. The maximum values of % extraction were 25.92 and 85.88% for MPs and     
MPs-PS-AEPE, respectively. When the pH value was increased from pH 1 to 8, the 
surface of MPs became more negatively charged, while the silver species in the 
solution having pH value of 2.0 - 10.0 was Ag+ cations [79]. Thus, the adsorption of 
Ag+ on MPs surface via electrostatic interaction occurred favorably when the pH of 
solution increased. The extraction efficiency of Ag(I) by MPs-PS-AEPE increased 
with increasing pH due to the decrease of degree of ligand protonation, resulting in the 
better coordination between Ag+ and AEPE on adsorbent surface. On the other hand, 
the lower extraction efficiency was observed at the lower pH (pH 1 - 3) for both MPs 
and MPs-PS-AEPE. These results could be explained by the protonation of MPs 
surface and AEPE molecules, resulting in the positively charged MPs surface and 
protonated AEPE that have low binding affinity toward Ag+ cations.  
                   It should be noted that the extraction efficiency of both Hg(II) and Ag(I) in 
aqueous solution by MPs-PS were very low ( ≤ 2.05% for Hg(II) and ≤ 17.20% for 
Ag(I) extraction) at all pH values due to the loss of ion exchange ability as a result of 
polystyrene coating. However, the very low % extraction was observed, indicating that 
the MPs surface was not grafted with initiator or coated with polystyrene wholly. 
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                  By considering the leaching of Co2+ and Fe3+ from MPs-PS-AEPE, in 
strong acid solution (pH 1.0-4.0), very low % leaching was observed in the range of 
0.005 -0.049% and 0.004 - 0.078% for Co2+ and Fe3+, respectively. The high acidity of 
metals solution could erode the MPs-PS-AEPE surface where was not covered by the 
polymer resulting in the leaching of Co2+ and Fe3+. In contrast, at higher pH (pH 5.0-
8.0), there was no Co2+ and Fe3+ leaching. The leaching results at various solution pH 
is summarized in Table 4.6.  
                  The suitable pH for extraction of Hg(II) and Ag(I) are pH 7.0 and pH 5.0, 
respectively due to the high extraction efficiency and no leaching of Co2+ and Fe3+from 
adsorbent. These pH values were used in the extraction experiments for the study of 
the effect of other parameters afterwards.  
                   
Table 4.6 The leaching of Co2+ and Fe3+ from MPs-PS-AEPE in metal solution at 
various pH  

% Co2+ leachinga % Fe3+ leachingapH values 
in Hg(II) extraction in Ag(I) extraction in Hg(II) extraction in Ag(I) extraction 

1.0 0.036 ± 0.003 0.049 ± 0.003 0.078 ± 0.013 0.073 ± 0.003 
2.1 0.027 ± 0.006 0.041 ± 0.006 0.059 ± 0.010 0.042 ± 0.003 
3.1 0.012 ± 0.003 0.027 ± 0.003 0.028 ± 0.013 0.031  
4.1 0.006 ± 0.003 0.005 ± 0.003 0.004 ± 0.003 0.008 ± 0.002 
5.1 n.d. n.d. n.d. n.d. 
6.1 n.d. n.d. n.d. n.d. 
7.0 n.d. n.d. n.d. n.d. 
7.6 n.d. n.d. n.d. n.d. 

a Mean ± S.D. (n=3) 
n.d. = Non detectable, the detection limit of the determination of Co2+ and Fe3+ by 
FAAS were 3.5×10-3 and 35.7×10-3 mg L-1, respectively. 
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      4.2.2 Effect of extraction time 
 
                  The adsorption mechanism of metal ions in aqueous solution on adsorbents 
can be described by the boundary model, which has three main steps as following:      
(i) bulk transport, (ii) film transport and (iii) intraparticle transport. The bulk transport 
is the transportation of metal ions from bulk solution to boundary film which occurs 
rapidly [89, 149]. The film transport is the transportation of metal ions from boundary 
film to the surface of adsorbents. The intraparticle transport is the metal ions 
transfering from the surface to the intraparticle active sites. The process of film and/or 
intraparticle transport is often the rate determining step of adsorption equilibrium. 
Thus, the kinetics of mass transport in adsorption mechanism is dependent to the time. 
In this experiment, the effect of extraction time was investigated to obtain the 
equilibrium time of the Hg(II) or Ag(I) adsorption using the extraction time in the 
range of 5-180 minutes at the pH values of 7.0 and 5.0 for Hg(II) and Ag(I) extraction, 
respectively. The initial concentration of Hg(II) and Ag(I) were 30 mg L-1 and 50     
mg L-1, respectively. The experiment was performed by increasing extraction time 
until the constant value of % extraction was observed. The results are shown in Figure 
4.12.   
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Figure 4.12 Effect of extraction time on extraction of Hg(II) and Ag(I) ions by      
MPs-PS-AEPE. 
 
                   The extraction efficiency was enhanced when the extraction time was 
increased due to the longer contact time between metal ions and donor sites and the 
adsorption equilibrium was reached equilibrium after 30 minutes and 45 minutes in 
Hg(II) and Ag(I) extraction, respectively. Therefore, the extraction time of 60 minutes 
was chosen for extraction experiment of both metals to assure the adsorption 
equilibrium.  
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        4.2.3 Effect of ionic strength 
 
               In general, the wastewater from factories and natural water, especially sea 
water, contain ions other than the interested metal ions in different concentration 
depending on the source. In the sea water, it has high concentration of Na+ and Cl- of 
about 0.46 M [150-152]. These ions may affect the extraction efficiency of the      
MPs-PS-AEPE. For this reason, the effect of ionic strength on extraction efficiency 
was investigated by using NaNO3 in the range of 0.01-1.00 M, which represents the 
concentration of Na+ in various source of water. The results are summarized in Table 
4.7. 
 
Table 4.7 Effect of ionic strength of aqueous solution on extraction of Hg(II) and 
Ag(I) ions by MPs-PS-AEPE 
 

Concentration  Times Extraction efficiency (%)a

of NaNO3 (M) NaNO3 : Hg (II) NaNO3 : Ag(I) Hg (II) Ag(I) 

0.01 67 22 89.53 ± 0.13 80.03 ± 2.30 
0.02 133 43 89.81 ± 0.16 80.24 ± 1.49 
0.05 333 108 89.85 ± 0.12 79.82 ± 2.03 
0.10 667 216 89.90 ± 0.63 80.17 ± 1.25 
0.25 1667 539 90.16 ± 0.19 79.81 ± 0.25 
0.50 3333 1078 89.99 ± 0.15 79.95 ± 1.01 
0.75 5000 1617 90.34 ± 0.24 80.82 ± 1.34 
1.00 6667 2156 90.53 ± 0.09 82.37 ± 1.75 

a Mean ± S.D. (n=3) 
The initial concentration of Hg(II) and Ag(I) were 0.15 and 0.47 mM, respectively.  
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                   The extraction efficiency was observed in the range of 79.81 – 82.37% for 
Ag(I) and 89.53 – 90.53% for Hg(II) when used the concentration of NaNO3 22 to 
2156 times (0.01 - 1.00 M) higher than the concentration of Ag(I). The ionic strength 
seem to have a slight effect on the extraction efficiency of Hg(II) and Ag(I). These 
results reveal that the adsorption between MPs-PS-AEPE and metallic species 
(Hg(OH)2 and Ag+) occurred mainly via coordination of AEPE with metallic species. 
Moreover, the adsorbent can be used to extract mercury and silver ions from water 
containing high concentration of salt with the good extraction efficiency. 
 

      4.2.4 Effect of coexisting ions 
 
                   The alkali, alkali earth and heavy metal ions can be commonly found in the 
natural water and wastewater. These ions may affect the extraction efficiency of Hg(II) 
and Ag(I) ions by adsorbents due to the competitive adsorption with the analyte metal 
ions. In the case of anions, they can form complex or precipitate with analyte metal 
ions. Therefore, the effect of coexisting ions such as cations (i.e. alkali, alkali earth and 
heavy metal ions) and anions was investigated to evaluate the selectivity of MPs-PS-
AEPE toward Hg(II) and Ag(I) ions. The salts used in the experiments were nitrate 
salts of cations and sodium salts for anions in this study. The experiments were 
preformed under optimum extraction condition of each analyte metal.  
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               4.2.4.1 Effect of alkali and alkali earth ions 
 
                              The nitrate salt of alkali and alkali earth ions (Na+, K+, Mg2+ and 
Ca2+) were added to both Hg(II) and Ag(I) solution with the concentrations of 0.1 and 
1.0 M. The extraction efficiency of the analyte metal ions by MPs-PS-AEPE was 
determined (Table 4.8). It was found that there was no change in extraction efficiency 
of both Hg(II) and Ag(I) in the presence of 0.10 and 1.0 M of different alkali and alkali 
earth metal ions.  The results show that the competitive adsorption between the analyte 
metal ions and the alkali and alkali earth coexisting ions is less likely to occur on the 
surface of MPs-PS-AEPE. The presence of these coexisting ions in a high 
concentration did not affect the extraction efficiency of the adsorbent for Ag(I) and 
Hg(II) ions. These results indicated that the main adsorption mechanism is the 
coordination between AEPE and analyte metal ions rather than the ion exchange 
between cationic metal species and charged surface of MPs-PS-AEPE. Moreover, the 
complex formation of analyte metal ions and AEPE could occur well according to the 
hard/soft-acid/base principle [132, 143, 153].  
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Table 4.8 Effect of cations on the extraction of Hg(II) and Ag(I) ions onto MPs-PS-
AEPE     

Extraction efficiency (%)a 
Salts 

Concentration 
of salt (M) Hg(II) Ag(I) 

0.1 88.28 ± 0.35 78.37 ± 1.64 NaNO3

1.0 88.25 ± 0.14 79.47 ± 1.59 
0.1 89.26 ± 0.28 80.03 ± 0.51 KNO3

1.0 88.14 ± 0.32 78.22 ± 1.50 
0.1 89.03 ± 0.24 78.77 ± 1.28 Mg(NO3)2

1.0 88.17 ± 0.37 78.54 ± 0.69 
0.1 88.71 ± 0.31 80.32 ± 1.54 Ca(NO3)2

1.0 88.14 ± 0.33 78.13 ± 0.91 
   a Mean ± S.D. (n=3) 
    The initial concentration of Hg(II) and Ag(I) ions were 0.15 and 0.47 mM, respectively.  

         
                  4.2.4.2 Effect of anions 
 
                             The effect of anions (i.e. NO −

3 , SO and Cl−2
4

-) on the extraction of 
Hg(II) and Ag(I) was studied (Table 4.9). The sodium salts of these anions were added 
to Hg(II) or Ag(I) solutions with the concentrations of 0.1 and 1.0 M. It was found that 
an increase in NO  and SO  concentration did not affect the extraction efficiency of 
analyte metal ions. On the other hand, the presence of Cl

−
3

−2
4

- had a significant effect on 
the extraction efficiency of the two analyte metal ions due to the precipitation between 
Ag(I) and Cl- resulting in AgCl precipitates and complex formation between Hg(II) and 
Cl- as different Hg-Cl species according to the formation constants shown in Table 
4.10. Furthermore, the dominant species of Hg(II) in solution are different depending 
on Cl- concentration. Regarding the formation constants and the results in Table 4.9, a 
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hypothesis to rationalize is proposed. It is possible that ligand AEPE can reduce Hg(II) 
to Hg(I) ions which was confirmed by the precipitation with Cl- as Hg2Cl2 [132]. Using 
the formation constants, the dominant species are HgCl2, HgCl  and HgCl in 0.1 M 
NaCl with the distribution of 36%, 26% and 38%, respectively, while the major 
species found in 1.0 M NaCl is only HgCl . Regarding the standard reduction 
potential of these Hg species, the standard reduction potential of Hg

−
3

−2
4

−2
4

2+, HgCl2 and 
HgCl are 0.91, 0.63 and 0.54 V, respectively [154, 155]. Therefore, HgCl−2

4 2 could be 
reduced by chelating ligand AEPE more readily than HgCl resulting in both Hg−2

4 2Cl2 
precipitate and coordination of Hg(I) on surface and the greater extraction efficiency 
was observed in the 0.1 M NaCl solution, compared to the extraction in the 1.0 M 
NaCl solution [132]. These results reveal that the adsorption of Hg-Cl species onto 
MPs-PS-AEPE is less favorable than Hg2+, Hg(OH)+ and Hg(OH)2 species present in 
solution containing NaNO3 or no salt, resulting in a significant decrease of extraction 
efficiency of Hg(II) in this experiment.                              

                            
Table 4.9 Effect of anions on the extraction of Hg(II) and Ag(I) ions onto MPs-PS-
AEPE  

Extraction efficiency (%)a 
Salts 

Concentration 
of salt (M) Hg(II) Ag(I) 

0.1 90.79 ± 0.38 78.56 ± 1.18 NaNO3

1.0 90.35± 0.12 78.59 ± 1.32 
0.1 90.15 ± 0.19 77.22 ± 1.47 Na2SO4

1.0 89.96 ± 0.36 75.26 ± 0.81 
0.1 78.76 ± 0.88 -bNaCl 
1.0 22.87 ± 1.81 -b

   a Mean ± S.D. (n=3) 
   b Ag ions precipitate as AgCl.  
   The initial concentration of Hg(II) and Ag(I) ions were 0.15 and 0.47 mM, respectively. 
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Table 4.10 Aqueous speciation reactions and formation constants of Hg(II) ions with 
different anions [154, 156]  

Reaction  Log K 

Hg2+ + H2O  Hg(OH)↔ + + H+ -2.70 
Hg2+ + 2H2O  Hg(OH)↔ 2 + 2H+ -6.19 
Hg2+ + NO   HgNO  −

3 ↔ +
3 0.45 

Hg2+ + Cl-  HgCl↔ + 6.67 
Hg2+ + 2Cl-  HgCl↔ 2  6.44 
Hg2+ + 3Cl-  HgCl  ↔ −

3 0.87 
Hg2+ + 4Cl-  HgCl   ↔ −2

4 1.15 
Hg2+ + Cl- + H2O ↔  HgClOH + H+ 3.23 
Hg2+ + SO   HgSO−2

4 ↔ 4 1.39 
Hg2+ + SO  + 2H−2

4 2O ↔  Hg(OH)2SO  + 2H−2
4

+ -4.83 

 
                  4.2.4.3 Effect of heavy metal ions 
 
                             The effect of the presence of heavy metal ions other than Hg(II) and 
Ag(I) ions on extraction efficiency was studied (Table 4.11). The nitrate salts of Ni2+, 
Cd2+ and Pb2+ were added to Hg(II) or Ag(I) solutions with the concentrations equal to 
and ten times higher than these of Hg(II) and Ag(I). It was observed that the extraction 
efficiency of Hg(II) and Ag(I) was affected by the presence of coexisting heavy metal 
ions at the two concentrations. A slight decrease of the extraction efficiency of Hg(II) 
was observed, while a significant decrease of the extraction efficiency of Ag(I) was 
observed in the presence of  Pb2+, Ni2+and Cd2+at the two concentrations. This decrease 
is due to the competitive adsorption between Ag(I) and interfering heavy metal ions on 
the surface of MPs-PS-AEPE via coordination. Nevertheless, the adsorption efficiency 
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for Hg(II) and Ag(I) were relatively high, indicating that the MPs-PS-AEPE has high 
selectivity toward Hg(II) and Ag(I) ions compared to Pb(II), Ni(II) and Cd(II).  
 
Table 4.11 Effect of heavy metal ions on the extraction of Hg(II) and Ag(I) ions onto 
MPs-PS-AEPE    

Hg(II) Ag(I)  
Salts Concentration 

of salt (mM) 
Extraction 

efficiency (%)a

Concentration 
of salt (mM) 

Extraction 

efficiency (%)a  

NaNO3 0.1 × 103 90.93 ± 0.54 0.1 × 103 79.36 ± 0.74 
0.15 87.84 ± 0.27 0.50 75.56 ± 0.99 Pb(NO3)2

1.50 86.63 ± 0.48 5.00 72.37 ± 1.21 
0.15 90.61 ± 0.26 0.50 72.85 ± 1.00 Ni(NO3)2

1.50 90.44 ± 0.47 5.00 69.36 ± 0.28 
0.15 89.81 ± 0.23 0.50 71.03 ± 0.55 Cd (NO3)2

1.50 89.47 ± 0.23 5.00 69.55 ± 1.24 
   a Mean ± S.D. (n=3) 
   The initial concentration of Hg(II) and Ag(I) ions were 0.15 and 0.47 mM, respectively.  

 
      4.2.5 Adsorption isotherm 
  
                  In this experiment, adsorption isotherm of analyte metal ions on MPs-PS-
AEPE surface was investigated. The adsorption behavior of metal ions on adsorbent at 
equilibrium would reveal the adsorption mechanism. The distribution of metal ions 
between solution and adsorbent (liquid and solid phase) at adsorption equilibrium can 
be described by several adsorption isotherms [157]. Langmuir and Freundlich isotherm 
are two models commonly used in the study of adsorption behavior. Langmuir 
isotherm is based on the assumption that analytes are chemically adsorbed on the 
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adsorbent surface at a fixed number of well defined sites. Each site can hold on one 
analyte molecule with the monolayer coverage or monolayer adsorption, all sites are 
energetically equivalent (homogeneous surface) and there is no interaction between 
analyte molecules [88, 158, 159]. While, Freundlich isotherm is based on the 
assumption that the uptake of metal ions occur on a heterogeneous surface by 
monolayer adsorption [160] or multilayer adsorption [158, 161]. The experimental data 
were fitted to both adsorption isotherms. The Langmuir adsorption isotherm model is 
described by equation 4.4 [88],  
 

                                         
mm

ee

bqq
C

q
C 1

+=                                   (4.4) 

 

               where    Ce  =  equilibrium concentration of the analyte metal ions in  
                                        aqueous solution (mg L-1 or mol L-1) 
                               q  =  adsorption capacity of adsorbent (mg g-1 or mol g-1) 
                              qm =  maximum adsorption capacity of adsorbent (mg g-1 or mol g-1) 
                               b  =  Langmuir constant related to energy of adsorption 
                                       (L mg-1 or L mol-1) 
                    
                  The linearized Langmuir isotherm allows the calculation of adsorption 
capacity (qm) and the Langmuir constant (b). From the linear plot, the value of qm and b 
could be calculated from slope and intercept, respectively. 
 
                  The linearized form of Freundlidh isotherm is shown in equation 4.5 [89], 
 

                                  ef C
n

Kq log1loglog +=                           (4.5) 
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               where   Kf  =  Freundlich constant related to adsorption capacity   
                                      (mg g-1 or mol g-1) 
                            n   =   the numerical value of Freundlich constant 
 
                   From the linear Freundlich isotherm plot, the value of Kf and n could be 
calculated from intercept and slope, respectively. 
 
                  The experiment was performed at 25.0 ± 0.5๐C by adding the fixed weight 
of MPs-PS-AEPE to solutions containing different initial concentration of Hg(II) or 
Ag(I). The remained concentration of Hg(II) and Ag(I) ions in solutions were 
determined by CVAAS and FAAS, respectively. The adsorption capacities and the 
equilibrium concentration are shown in Figure 4.13. The adsorption capacity for Hg(II) 
ions increased rapidly, whereas, the adsorption capacity for Ag(I) ions increased 
slowly at low initial concentration. The experimental data was plotted using Langmuir 
and Freundlich equation. Linear regression was performed to confirm the applicability 
of both Langmuir and Freundlich isotherms. The Langmuir and Freundlich isotherm 
plots are shown in Figure 4.14 and 4.15, respectively. Then, the constant values of 
both isotherm models were calculated using linear equations obtained and the results 
are listed in Table 4.12 and 4.13.  
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Figure 4.13 Adsorption isotherm of Hg(II) and Ag(I) at 25.0 ± 0.5๐C. 
 
 
 
 
 
 
 
 
 
 



 
Figure 4.15 Fruendlich isotherm plot of the adsorption of Hg(II) and Ag(I) ions onto   
MPs-PS-AEPE at 25.0 ± 0.5๐C.     

 

 
Figure 4.14 Langmuir isotherm plot of the adsorption of Hg(II) and Ag(I) ions onto   
MPs-PS-AEPE at 25.0 ± 0.5๐C.     

  
 

 

111

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 2 4 6 8 10 12

Ag

Hg

 

-4.0

-3.8

-3.6

-3.4

-3.2
-4.0-3.5-3.0-2.5

log
 q

-5.0-4.5

Ag

Hg

 

   C
e/q

 (g
 L

-1 ) 

Ce×10-4 (mol L-1) 

log Ce

 
 



112 

Metal Linear equation R2 b × 104 (L mol-1) qmax,cal × 10-4 (mol g-1) qmax,cal  (mg g-1)a qmax,exp  (mg g-1)b RL

Hg(II) y = 0.2392x + 0.0418 0.9983 5.72 4.18 83.86 82.38 0.017 – 0.106 
Ag(I) y = 0.2291x + 0.1358 0.9971 1.69 4.36 47.05 45.46 0.039 – 0.138 

Metal Linear equation R2 Kf × 10-3 (mol g-1) Kf  (mg g-1) 1/n n 

Hg(II) y = 0.2314x – 2.5772 0.7262 2.65 531.29 0.2314 4.32 
Ag(I) y = 0.1108x – 3.0527 0.9780 0.89 95.48 0.1108 9.03 

 
Table 4.12 The Langmuir isotherm parameters of the adsorption of Hg(II) and Ag(I) ions at 25.0 ± 0.5๐C 
 

    a The maximum adsorption capacity obtained from the calculation. 
    b The maximum adsorption capacity obtained from the experiment. 
 
 
Table 4.13 The Freundlich isotherm parameters of the adsorption of Hg(II) and Ag(I) ions at 25.0 ± 0.5๐C 
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               From the results shown in Table 4.12 and 4.13, the correlation coefficients 
(R2) obtained by fitting the experimental data to the Langmuir model (R2 > 0.99) are 
higher for both Hg(II) and Ag(I) adsorption, compared to the data fitting to the 
Freundlich model. These results indicate that the adsorption isotherm of Hg(II) and 
Ag(I) fit to Langmuir model better than Freundlich model. Therefore, the adsorption 
behavior of Hg(II) and Ag(I) on MPs-PS-AEPE follows Langmuir model assumptions. 
It was assumed that analytes are chemically adsorbed on the adsorbent surface. It could 
be confirmed by the Langmuir constant obtained from the calculation, which are high 
for adsorption of both metal ions onto MPs-PS-AEPE. Thus, it indicates that the main 
adsorption mechanism of Hg(II) and Ag(I) onto MPs-PS-AEPE surface is 
chemisorption via coordination of metal ions with the binding sites of AEPE that 
contain sulfur and nitrogen donor atom. The maximum adsorption capacity (qmax) of 
adsorbent for both Hg(II) and Ag(I) obtained from the experiment correspond to qmax 

obtained from the calculation of Langmuir model. The adsorption reached a saturation 
of adsorption capacity at high equilibrium concentration as shown Figure 4.11 with the 
monolayer coverage of Hg(II) and Ag(I) on the MPs-PS-AEPE surface. Moreover, the 
essential features of Langmuir isotherm model can be explained in term of a 
dimensionless constant separation factor or equilibrium parameter, RL, given as 
equation 4.6 [162], 
 

                                                          RL   =  
ibC+1

1                                         (4.6) 

 
               where   b  =  Langmuir constant related to energy of adsorption (L mol-1) 
                           Ci  =  initial concentration of metal ions (mol L-1) 
 
                  In this experiment, the values of RL obtained from Langmuir model are in 
the range of 0 to 1 (RL = 0.017 – 0.138) indicating that the adsorption of both Hg(II) 
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and Ag(I) onto MPs-PS-AEPE are favorable with increasing of adsorption capacity at 
higher initial concentration [132, 138, 163, 164]. The parameter RL is related to the 
type of isotherm as presented in Table 4.14.  
                  Regarding the relatively high R2 value obtained from Freundlich plot of 
Ag(I) adsorption, it seems that the surface of the adsorbent contains heterogeneous 
active sites i.e. AEPE and uncoated charged surface. At pH 5, the dominant species of 
Ag(I) are almost Ag+ that can interact with the uncoated charged surface of MPs-PS-
AEPE via ion exchange. In the adsorption of Ag, the ion exchange mechanism may 
occur along with the coordination. Hence, the adsorption behaviour for Ag ions may 
also follow Freundlich isotherm. Nevertheless, the R2 value of linear fitting to 
Langmuir model is higher than Fruendlich model indicating that the adsorption of Ag 
mainly occurred via coordination at AEPE sites on the surface. On the other hand, 
when consider the adsorption of Hg(II), the dominant species of Hg(II) are Hg(OH)2 at 
pH 7 that will not be adsorbed on uncoated surface of MPs-PS-AEPE via ion exchange 
mechanism. Therefore, Hg ions interact solely with AEPE sites and the behavior 
follows Langmuir model.  
 
Table 4.14 The mean of RL related to the type of isotherm [138, 165-168] 

Value of RL Type of isotherm 

RL > 1 Unfavorable 
RL = 1 Linear 

0 <  RL < 1 Favorable 
RL = 0 Irreversible 

 
                  Finally, these results lead to the conclusion that the adsorption isotherm of 
Hg(II) and Ag(I) onto MPs-PS-AEPE follow Langmuir model and the maximum 
adsorption capacity of Hg(II) and Ag(I) onto MPs-PS-AEPE are 0.42 and 0.44     
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mmol g-1, respectively. The maximum adsorption capacity of Ag(I) is slightly higher 
than that of Hg(II) probably due to the combination of coordination and ion exchange 
mechanism of Ag(I) adsorption onto MPs-PS-AEPE.  
 
                 When compare the adsorption capacity of MPs-PS-AEPE to that of the 
adsorbents reported by other researchers (Table 4.15), the adsorbent prepared in this 
work has a fair adsorption capacity for both Hg(II) and Ag(I) ions.  
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Table 4.15 The maximum adsorption capacity of the modified materials for 
mercury(II) and silver(I) ions extraction 

Solid support Ligand qm (mmol g-1) Ref. 

Activated carbon 
NH2

H
5
C

2
O

H5C2O

H5C2O
Si

 
3-aminopropyltriethoxysilane 

 

 
0.37a

 
[168] 

 HO

NNS

N  
1-(2-thiazolylazo)-2-naphthol 

 

 
0.011a

 
[169] 

MCM-41 
S

H2N

S

NH2  
2-(3-(2-aminoethylthio)propylthio) 

ethanamine 
 

 
 

0.70a

 
 

[132] 

Quartamin 
smectite 

 

NH
2

-S
S

 
Dithiocarbamate 

 

 
0.32a

 
[170] 

Montmorillonite  
 

NH2
H

5
C

2
O

H5C2O

H5C2O
Si

 
3-aminopropyltriethoxysilane 

 

 
1.77a

 
[171] 
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Table 4.15 The maximum adsorption capacity of the modified materials for 
mercury(II) and silver(I) ions extraction (continued) 

Solid support Ligand qm (mmol g-1) Ref. 

Silica-coated 
magnetic 

nanoparticles 
 

SHH3CO
H3CO

H3CO
Si

 
3-mercaptopropyltrimethoxysilane 

 

 
0.42a

 
[10] 

Polystyrene 
microspheres NH

2
-S

S

 
Dithiocarbamate 

 

 
0.17a

 
[163] 

Silica 

NHHN

O
HN
NH

 
1,5 Diphenylcarbazide 

 

 
0.03a

 
[172] 

 

CH2H2C
N
H

 
Ethyleneimine 

 

 
0.98a

 
[173] 

 

NHN

SH
NN

 
1,5-diphenylthiocarbazone 

 

 
0.32a

 
[165] 

 S

N
SH

 
2-mercaptothiazoline 

 

 
0.12a

 
[174] 
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Table 4.15 The maximum adsorption capacity of the modified materials for 
mercury(II) and silver(I) ions extraction (continued) 

Solid support Ligand qm (mmol g-1) Ref. 

H
2
N

S
NH

2  

 

Thiourea 
 

N

N

O

O

O

OO

O

O

O  
Tetraoxalyl ethylenediamine 

 

 
0.95b

 
 
 

0.51b

 
[175] 

 
 
 

[175] 

Melamine resin 

Magnetite  

 
Chitosan 

 

 
2.22b

 
[166] 

Polystyrene-
coated magnetic 

particles  

S

H2N

S

NH2  
2-(3-(2-aminoethylthio)propylthio) 

ethanamine 
 

 
0.42a

0.44b

 
This 
work 

 a The maximum adsorption capacity in Hg(II) extraction 
 b The maximum adsorption capacity in Ag(I) extraction 

http://upload.wikimedia.org/wikipedia/commons/5/59/Chitosan2.jpg
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      4.2.6 Adsorption kinetics and effect of adsorbent dosage 

  
                  The adsorption kinetics was investigated by varying the extraction time in 
the range of 5 -180 minutes in this experiment. In addition, the amount of adsorbents 
was also varied in the range of 0.005 to 0.020 g. Each amount of adsorbent was added 
to 5 mL of Hg(II) solution (30 mg L-1) or Ag(I) solution (100 mg L-1). The results are 
shown in Figure 4.16 and 4.17. The experimental data were fitted to different 
adsorption kinetics models.  
                 The results show that the % extraction was enhanced by increasing the 
extraction time. The adsorption equilibrium was attained in a short time when 
increased the adsorbent dose due to the increase of active sites number. On the other 
hand, the amount of metal ions adsorbed per unit mass or the adsorption capacity of 
MPs-PS-AEPE decreased due to the unsaturation of active sites of the higher adsorbent 
dose for the equal initial concentration [138, 176].  
                   In order to investigate the kinetics of Hg(II) and Ag(I) adsorption onto 
MPs-PS-AEPE, the pseudo-first order [177] and pseudo second-order model [178-180] 
are commonly used. The equations of these two models are presented in equation 4.7 
and 4.8, respectively,  
 

                                           tkqqq ete 303.2
log)log( 1−=−                             (4.7) 

 

                                                       
eet q

t
qkq

t
+= 2

2

1                                        (4.8) 

 

              where    qe  =   adsorption capacity at equilibrium (mg g-1) 
                           qt   =   adsorption capacity at time t (mg g-1) 
                            t   =   extraction time (minute) 
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                           k1  =   rate constant of the pseudo-first order model (min-1) 
                           k2  =   rate constant of the pseudo-second order model (g mg-1 min-1) 
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Figure 4.16 Effect of adsorbent dose at different extraction time on (a) adsorption 
efficiency of Hg(II) ions by MPs-PS-AEPE and (b) adsorption capacity of MPs-PS-
AEPE for Hg(II) ions (initial concentration : 30 mg L-1). 
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Figure 4.17 Effect of adsorbent dose at different extraction time on (a) adsorption 
efficiency of Ag(I) ions by MPs-PS-AEPE and (b) adsorption capacity of MPs-PS-AEPE 
for Ag(I) ions (initial concentration : 100 mg L-1). 
 

                  When the experimental data were plotted in form of log (qe-qt) versus t, the 
rate constant (k1) could be obtained from the slope of the linear line (Figure 4.18). 
Furthermore, by plotting t/qt against t, the value of k2 can be determined graphically 
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from the intercept of the linear plots as shown Figure 4.19. The value of qe could also 
be obtained from the intercept and slope of the pseudo-first order plot and the pseudo-
second order model plot, respectively. The results are summarized in Table 4.16.  
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Figure 4.18 Kinetics plot of the extraction of Hg(II) ions onto MPs-PS-AEPE            
(a) pseudo-first order plot and (b) pseudo-second order plot. 
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Figure 4.19 Kinetics plot of the extraction of Ag(I) ions onto MPs-PS-AEPE            
(a) pseudo-first order plot and (b) pseudo-second order plot. 
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Table 4.16 The kinetics parameter and constants for adsorption of Hg(II) and Ag(I) ions on MPs-PS-AEPE of various dose 

Pseudo-first order model Pseudo-second order model  
Metal 

 
Adsorbent 

dose (g) 

 

qe,exp
a

(mg g-1) 
Linear equation qe,cal

b 

(mg g-1) 
k1 × 10-2

(min-1) 
R1

2 c Linear equation qe,cal
b 

(mg g-1) 
k2 × 10-2

(g mg-1 min-1) 
R2

2 d

0.005 28.68 y = -0.0061x - 0.3293 0.47 1.40 0.4121 y = 0.0348x + 0.0086 28.74 14.08 1.000 
0.010 14.87 y = -0.0069x - 0.6988 0.20 1.59 0.9861 y = 0.0672x + 0.0128 14.88 35.28 1.000 

 
Hg(II) 

0.020 7.33 y = -0.0090x - 1.6451 0.02 2.07 0.9025 y = 0.1364x + 0.0050 7.33 310.08 1.000 

0.005 44.89 y = -0.0187x - 1.0090 10.21 4.31 0.8942 y = 0.0221x + 0.0322 45.25 1.52 0.9999 
0.010 36.14 y = -0.1148x - 1.0372 10.89 26.44 0.9106 y = 0.0281x + 0.0042 35.59 18.80 1.000 

 
Ag(I) 

0.020 25.05 y = -0.0011x - 0.9512 0.11 0.25 0.9366 y = 0.0398x + 0.0018 25.13 88.00 0.9999 

124 

    aThe adsorption capacity at equilibrium obtained by the experiments. 
    bThe adsorption capacity at equilibrium obtained by the calculation using linear equation. 
    cThe correlation coefficient of pseudo-first order model.    
    dThe correlation coefficient of pseudo-second order model.        
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                  The kinetics parameters presented in Table 4.16 were calculated by using 
the linear equations obtained from the linear plot of pseudo-first order equation 
(eq.4.6) and the pseudo-second order model equation (eq.4.7). The results show that 
the correlation coefficients of pseudo-first order model (R1

2) are in the range of 0.4121- 
0.9861 and 0.8942-0.9366 for Hg(II) and Ag(I) adsorption, respectively. Moreover, the 
adsorption capacity at equilibrium (qe,cal) calculated from linear equation of pseudo-
first order linear plot did not correspond to the adsorption capacity at equilibrium 
obtained from experiment (qe,exp) for all adsorbent dose used in both Hg(II) and Ag(I) 
adsorption. In contrast, in the case of pseudo-second order model, the correlation 
coefficients (R2

2) are in the range of 0.9999-1.000 for Ag(I) adsorption and equal to 
1.000 for Hg(II) adsorption. The qe,cal values were very close to the qe,exp values. 
Obviously, the pseudo-second order kinetics model fit the experimental data better 
than the pseudo-first order kinetics model. By this model, it can be assumed that (i) the 
adsorption occurred via chemisorption by coordination or complexation between metal 
ions and active sites of adsorbent [180, 181], (ii) the adsorption followed a monolayer 
regime with monolayer coverage of metal ions on adsorbent surface without bond 
formation between each adsorbed metal ions, (iii) adsorption energy of each metal ion 
is equal and did not depend on the adsorbed metal ions on adsorbent surface and (iv) 
the adsorption rate occurred rapidly at the initial step of adsorption. Moreover, the rate 
constant of pseudo-second order (k2) may be constant [162] or increased [180], 
depending on temperature and adsorbent dose used in the experiment.  
                  In this experiment, k2 increased with the increase of adsorbent dose. 
Therefore, the higher adsorbent dose is used, the faster adsorption equilibrium will be 
reached. From the comparison of k2 values of Hg(II) adsorption and Ag(I) adsorption, 
the higher k2 values was observed in Hg(II) adsorption corresponding to the results 
from adsorption isotherm experiment that the b value of Hg(II) adsorption is higher 
than that of Ag(I) adsorption. These results reveal that the modified AEPE coordinate 
with Hg(II) better than Ag(I). Finally, the results suggest that the pseudo-second order 
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adsorption mechanism is predominant for this adsorbent system and the overall rate of 
the adsorption process appears to be controlled by chemical adsorption with monolayer 
coverage of metal ions on surface [145, 146] that is in agreement with the results 
observed in adsorption isotherm study.  
 

      4.2.7 Metal ions desorption study 
 
                  The desorption of Hg(II) and Ag(I) ions from the used MPs-PS-AEPE was 
studied using batch method. After adsorption, the used MPs-PS-AEPE was washed 
with DI water and then mixed with 5 mL of eluent. The concentrations of eluted metal 
ions were determined. Various parameters such as type of eluent and elution time were 
studied.  
                  The metal ions desorption efficiency is presented in term of % desorption 
that was calculated from equation 4.9, 
 

                           100(%) ×=
adsorbed

eluted

n
n

Desorption                                  (4.9) 

 
           where         neluted  = the amount of  Ag(I) ions eluted from the adsorbent (mg) 
                           nadsorbed = the amount of  Ag(I) ions adsorbed on the adsorbent (mg) 

 
                  4.2.7.1 Type of eluents 
 
                              The desorption of metal ions was studied using different types and 
concentrations of eluent. The suitable eluent should be compatible with the used 
analytical technique. Thus, nitric acid (HNO3) and thiourea, which are widely used and 
compatible with AAS technique, were selected as eluent. In this study, the criteria in 
the selection of suitable eluent is based on the adsorption mechanism, desorption 
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efficiency of eluent and adsorbent stability in the eluent regarding the Fe and Co 
leaching from adsorbents. The results are presented in Table 4.17. The concentrations 
of HNO3 were 1 and 5% v/v in order to assure the protonation of chelation sites. Both 
1 and 5% v/v HNO3 solution could elute Ag(I) from MPs-PS-AEPE with low % 
desorption. This result can be attributed to the high affinity of Ag(I) toward sulfur 
active sites of AEPE [182]. Whereas, 1 % v/v HNO3 could elute Hg(II) from MPs-PS-
AEPE with moderate % desorption of 66.76 %. It could be explained that the chelating 
sites were protonated and the adsorbed Hg(OH)2 was desorbed from adsorbent surface 
to the solution. Furthermore, Hg(II) species could be changed from Hg(OH)2 to Hg2+ in 
acid solution. From the results of pH effect, chelating ligand AEPE prefers to form 
complex with Hg(OH)2 species rather than Hg2+. Thus, some Hg2+ is still adsorbed on 
MPs-PS-AEPE surface whereas most Hg2+ is desorbed by high acidic solution. 
Therefore, the use of HNO3 as eluent would change the species Hg(OH)2 to Hg2+ 
resulting in a decrease in adsorption efficiency and the moderate % percentage was 
observed.  
                    The alternative way for desorption is the elution by complexing agent 
that can form complex with Hg(II) and Ag(I) with higher affinity than AEPE. Thiourea 
is a well known complexing agent and has high complex formation constant with 
various metal ions such as Ag(I), Au(III), Cu(I) and Hg(II) [166, 167, 183]. Therefore, 
thiourea was selected to elute Hg(II) and Ag(I) from MPs-PS-AEPE by mixing with 
HNO3. The concentration of thiourea was 0.1, 0.5 or 1.0 M in both 1 and 5% v/v HNO3 

for elution of Ag(I) and only in 1 % v/v HNO3 for elution of Hg(II). According to Hard 
and Soft Acids and Bases (HSAB) theory [142, 143], the sulfur and nitrogen atom of 
thiourea can polarize their lone pairs of electrons easily and act as a soft base, which 
would have a tendency to form complex with soft acids like Hg(II) and Ag(I) ions. In 
the presence of thiourea in acid solution, the synergism working effect will occur. The 
proton (H+) from acid will protonate AEPE active sites and deprotonate thio form of 
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thiourea to thiol form at the end of reaction as shown in Figure 4.20 [175]. Therefore, 
Hg(II) and Ag(I) ions were released and formed complexes with thiourea.  
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Figure 4.20 The tautomerization of thio form of thiourea moiety at the end of reaction 
and the complexation between thiol form and metal ions. 
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Table 4.17 Desorption of Hg(II) and Ag(I) from the used adsorbents   

% Desorption aType of eluents 

Hg(II) Ag(I) 

1% HNO3 67.66 ± 2.79 6.61 ± 0.36 

5% HNO3 -b 9.12 ± 0.97 

1% HNO3 + 0.1 M Thiourea 95.58 ± 0.92 83.59 ± 0.98 

1% HNO3 + 0.5 M Thiourea 98.40 ± 0.11 85.23 ± 1.79 

1% HNO3 + 1.0 M Thiourea 98.20 ± 0.06  87.34 ± 0.29 

5% HNO3 + 0.1 M Thiourea -b 84.77 ± 0.94 

5% HNO3 + 0.5 M Thiourea -b 86.74 ± 1.47 

5% HNO3 + 1.0 M Thiourea -b 90.00 ± 2.02 

       a Mean ± S.D. (n=3)  
          b There is no experiment. 
        The initial concentration of Hg(II) and Ag(I) were 100 and 50 mg L-1, respectively. 
 
                        The % desorption of Ag(I) increased from 83.59 to 90.00 % when 
thiourea in HNO3 was used. From the t-Test statistic calculation, the concentration of 
HNO3 did not affect the desorption efficiency, whereas, the concentration of thiourea 
affected the desorption efficiency when the results were tested with ANOVA test. In the 
case of Hg(II) desorption, the % desorption increased to 95.58, 98.40 and 98.20 % 
when used 0.1, 0.5 and 1.0 M thiourea in 1 % HNO3 as eluent, respectively. From the 
statistic calculation, the increase in the thiourea concentration from 0.1 to 0.5 M in 1 % 
HNO3 affected the desorption efficiency, whereas using thiourea concentration of 0.5 
and 1.0 M in 1 % HNO3 did not affect the desorption efficiency when the results were 
tested with t-Test. Therefore, 0.5 M thiourea in 1 % HNO3 and 1.0 M thiourea in 1 % 
HNO3 were selected as eluent for desorption of Hg(II) and Ag(I) ions from MPs-PS-
AEPE, respectively. It should be noted that thiourea in HNO3 can elute Hg(II) from 
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MPs-PS-AEPE better than Ag(I) due to higher affinity of thiourea toward Hg(II) (Kf = 
3.0 × 1022 for [Hg[CS(NH2)2]2] and Kf = 9.0 × 1032 for [Hg[CS(NH2)2]4]) [184], 
compared to the complex formation between thiourea and Ag(I) (Kf = 4.0 × 1013 for 
[Ag[CS(NH2)2]3]) [185].  
 
                  4.2.7.2 Desorption time 
 
                              In the case of Ag(I) desorption, the % desorption is not high 
enough. Consequently, the effect of desorption time was investigated using 1.0 M 
thiourea in 1% HNO3 as eluent to obtain the suitable time that provides the maximum 
desorption.  Desorption time was varied in the range of 15-180 minutes. The results are 
shown in Figure 4.21. 
 

0.0

20.0

40.0

60.0

80.0

100.0

0 30 60 90 120 150 180

desorption time (min)

%
 de

so
rp

tio
n

 
Figure 4.21 Effect of desorption time on desorption of Ag(I) from MPs-PS-AEPE. 
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                              The % desorption increased slightly by increasing time from 15 to 
60 minutes. From 60 minutes onwards, the % desorption is relatively constant. 
Therefore, 1 hour desorption time was chosen for the regeneration of the adsorbents 
and used in adsorbent reusability experiment. 
 

        4.2.8 Reusability of adsorbent 
 
                   The adsorbent reusability is an important and desired property of 
adsorbents. The reuse of adsorbent was investigated and the experiment was performed 
by using the same adsorbent for repeated cycles of adsorption/desorption. The initial 
concentration of Hg(II) and Ag(I) used in the adsorption were 100 and 50 mg L-1, 
respectively. By using these initial concentrations, the adsorbent could extract the 
metal ions with the adsorption capacity close to their maximum adsorption capacity. 
The 0.5 M thiourea in 1 % HNO3 and 1.0 M thiourea in 1 % HNO3 were used as eluent 
for Hg(II) and Ag(I), respectively and 1 hour adsorption/desorption time was also 
used. The results are shown in Figure 4.22 and Table 4.18. 
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Figure 4.22 The % extraction of MPs-PS-AEPE toward (a) Hg(II) ions and (b) Ag(I) 
ions during repeated adsorption/desorption cycles. 
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Table 4.18 The adsorption capacity of Hg(II) and Ag(I) onto MPs-PS-AEPE during 
repeated adsorption/desorption cycles 

Adsorption capacity (mg g-1) aNumber of cycles 

Hg(II) Ag(I) 

1 79.49 ± 0.18 42.15 ± 0.74 

2 79.12 ± 0.06 37.15 ± 0.53 

3 78.97 ± 0.19 32.35 ± 0.42 

4 78.87 ± 0.11 27.91 ± 0.42 

5 78.82 ± 0.11 24.39 ± 0.24 

6 78.92 ± 0.13 21.62 ± 0.65 

7 78.75 ± 0.06 -b

8 78.40 ± 0.20 -b

9 78.03 ± 0.57 -b

10 76.71 ± 0.50 -b

         a adsorption capacity determined for each cycle, mean ± S.D. (n=3) 
            b There is no experiment. 

         The initial concentration of Hg(II) and Ag(I) were 100 and 50 mg L-1, respectively. 
 
                             It was found that the % extraction were not significantly different for 
Hg(II) after 10 cycles of extraction/desorption. These values are in the range of 77.93 
and 80.18 % for 10 cycles. In the case of Ag(I), the % extraction decreased from 80.67 
to 41.38 %  after 6 cycles of extraction/desorption due to the reduction of the number 
of available active sites. Hg(II) was eluted from used MPs-PS-AEPE better than Ag(I) 
when using thiourea in HNO3 as eluent. The MPs-PS-AEPE gave the highest 
extraction efficiency for Ag(I) extraction only for the first time application. On the 
other hand, the MPs-PS-AEPE could be used to extract Hg(II) at least 10 times.  
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4.3      Application to real water samples 

 
Finally, MPs-PS-AEPE was applied to extract Hg(II) and Ag(I) ions in real 

water samples. In this experiment, the wastewater from the laboratory of Gem and 
Jewelry Institute of Thailand and the petrochemical industry plant were used as real 
samples of Ag(I) and Hg(II), respectively.  
 

      4.3.1 The wastewater from the laboratory of Gem and Jewelry    
               Institute of Thailand 
 
                  This wastewater contained a high concentration of silver (about 4,600     
mg L-1) at pH 1.7. It was diluted and adjusted the pH value to obtain a wastewater, 
which had the pH value and concentration of silver about 5.0 and 145 mg L-1, 
respectively. The extraction experiment was performed by using 0.005, 0.010, 0.020 
and 0.030 g of MPs-PS-AEPE and the extraction time of 60 minutes. 
 
                  The results show that the extraction efficiency increased from 29.62 to 
99.67 % by increasing MPs-PS-AEPE dose from 0.005 to 0.030 g (Figure 4.23).  
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Figure 4.23 The extraction efficiency of Ag(I) ions in real wastewater sample at 
different doses of MPs-PS-AEPE. (Detection limit of silver = 0.006 mg L-1)  
 

      4.3.2 The wastewater from petrochemical industry plant  
 
                   These wastewater samples had relatively low concentration of mercury 
(about 4.2 and 4.9 mg L-1). The samples were digested using standard method 
ASTM3223 [134] to convert both organic and inorganic mercury compounds to the 
mercuric ions and cold-vapor atomic absorption spectrometer was used to determine 
Hg(II) concentration [135]. The extraction experiment was performed using 0.005 and 
0.010 g of MPs-PS-AEPE and the extraction time of 60 minutes. The results show that 
the extraction efficiency is not different when increased MPs-PS-AEPE dose from 
0.005 to 0.010 g for both samples (Table 4.19).  
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Table 4.19 The extraction efficiency of Hg(II) ions in real wastewater samples at 
different doses of MPs-PS-AEPE  

Sample Initial concentration 
(mg L-1) 

Adsorbent dose (g) % Extraction a

0.005 99.50 ± 0.05 Refinery 
wastewater 1 

 
0.010 99.66 ± 0.05 
0.005 99.49 ± 0.08 Refinery 

wastewater 2 
 

0.010 99.77 ± 0.05 

4.9 

4.2 

a Mean ± S.D. (n=3) 
  Detection limit of mercury was 5×10-4 mg L-1.  

 
                   The detection limit (LOD) was determined by measuring of signal of blank 
solution (n = 10) and then calculated from equation 4.10. 
 
                               signal LOD = signal blank + 3(S.D. of signal blank )            (4.10) 

 
                    The signal of LOD was compared to the linear equation of calibration 
curve. The detection limit of mercury and silver in this experiment were 6×10-3 and   
5×10-4 mg L-1, respectively.   
 
                    These results indicate that the MPs-PS-AEPE can be used to extract silver 
and mercuric ions in wastewater samples with high percentage extraction due to the 
presence of nitrogen and sulfur donor atom of chelating ligand AEPE on the adsorbent 
surface. Consequently, the MPs-PS-AEPE can be applied as adsorbent to extract the 
Hg(II) and Ag(I) ions in real wastewater samples. 
 
 

   



CHAPTER   V 
 

CONCLUSION AND SUGGESTION 
 
            The cobalt ferrite magnetic particles were synthesized via co-precipitation 
between Co2+ and Fe3+ in basic solution. The polystyrene-coated magnetic particles 
were prepared by grafting of the initiator, which was synthesized via nucleophilic 
substitution reaction between 3-aminopropyltriethoxysilane and ethyl-2-bromo 
propionate, on the surface of magnetic particles, followed by polymerization of styrene 
via atom transfer radical polymerization process. Then, the syntheiszed chelating 
ligand 2-(3-(2-aminoethylthio)propylthio)ethanamine (AEPE) was attached on 
polystyrene-coated magnetic particles. The final product was characterized by XRD, 
FT-IR, TGA, SEM and surface area analyzer. The results from all characterization 
techniques confirmed the successful synthesis of the polystyrene-coated magnetic 
particles modified with 2-(3-(2-aminoethylthio)propylthio)ethanamine (MPs-PS-
AEPE). 

           The MPs-PS-AEPE was applied as adsorbent for extraction of mercury(II) and 
silver(I) in aqueous solution using batch method. The effect of pH of metal ions 
solutions, extraction time, ionic strength, coexisting ions and adsorbent dose as well as 
the adsorption kinetic and adsorption isotherm were investigated. The adsorption 
behaviour of MPs-PS-AEPE for Hg(II) and Ag(I) ions in aqueous solution are 
summarized in Table 5.1.  

            The maximum adsorption capacity of Ag(I) is slightly higher than that of 
Hg(II) probably due to the combination of both ion exchange and coordination 
mechanism in the adsorption of Ag(I) ions onto the MPs-PS-AEPE. The adsorption of 
Hg(II) ions onto MPs-PS-AEPE occurred mainly via coordination. The MPs-PS-AEPE 
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show high affinity and selectivity toward Hg(II) and Ag(I) ions, confirmed by the 
results of ionic strength and coexisting ions effect.  

 

Table 5.1 The adsorption behavior and suitable condition of the extraction of    
mercury(II) and silver(I) ions 

Metal ions adsorption  Parameters 

Hg(II) Ag(I) 

Solution pH 7-8 5-8 

Ionic strength and coexisting ions no effect no effect 

Adsorption isotherm Langmuir Langmuir 

Adsorption kinetics Pseudo-second order Pseudo-second order 

Maximum adsorption capacity (mmol g-1) 0.42 0.44 

 

            In the study of desorption and the reusability of MPs-PS-AEPE, the suitable 
eluents are 0.5 M thiourea in 1% HNO3 and 1.0 M thiourea in 1% HNO3 for Hg(II) and 
Ag(I) desorption, respectively. The MPs-PS-AEPE showed the highest extraction 
efficiency in the first time and at least 10 times for Ag(I) and Hg(II) extraction, 
respectively.   

            Moreover, the application to real wastewater samples from petrochemical 
industry plant and the Laboratory of Gem and Jewelry Institute of Thailand was 
investigated. The results showed that the MPs-PS-AEPE could be used as adsorbent to 
extract Hg(II) and Ag(I) ions in real wastewater samples.  
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            Suggestion for future works  
 

            Because the MPs-PS-AEPE has high affinity and selectivity toward Hg(II) and 
Ag(I) ions, it should be applied in the preconcentration of these ions for the analysis of 
water sample contaminated by low level of these ions and the parameters of the 
preconcentration should be studied.  
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Table A.1 Absorbance of Hg(II) in 1% HNO3 determined at 253.7 nm by CVAAS 
 

Concentration (ppm) Absorbancea

0.00 0.002 ± 0.001 
0.05 0.154 ± 0.013 
0.10 0.315 ± 0.024 
0.15 0.472 ± 0.030 
0.20 0.607 ± 0.022 
0.25 0.719 ± 0.019 
0.30 0.823 ± 0.024 

                                        a Mean ± S.D. (n=27) 
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Figure A.1 Calibration curve of Hg(II) used in this work (average from all 
experiments)  
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Table A.2 Absorbance of Ag(I) in 1% HNO3 determined at 328.1 nm by FAAS 
 

Concentration (ppm) Absorbancea

0.00 0.000 ± 0.000 
0.50 0.026 ± 0.003 
1.00 0.048 ± 0.005 
1.50 0.070 ± 0.005 
2.00 0.091 ± 0.007 
2.50 0.113 ± 0.007 
3.00 0.135 ± 0.009 

                                        a Mean ± S.D. (n=17) 
 
 

y = 0.4443x + 0.0024
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Figure A.2 Calibration curve of Ag(I) used in this work (average from all 
experiments)  
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Table A.3 The % extraction of Hg(II) and Ag(I) by different adsorbents and pH values 
related to Figure 4.9-4.10 
 

MPs MPs-PS MPs-PS-AEPE Metals 

pH %Extractiona pH %Extractiona pH %Extractiona

 1.11 4.55 ± 1.26 1.09 1.14 ± 0.47 1.07 53.26 ± 0.18 
 2.09 5.55 ± 0.60 2.08 1.62 ± 0.24 2.07 53.98 ± 0.19 
 3.08 6.04 ± 0.88 3.03 1.24 ± 0.40 3.06 54.72 ± 0.19 
Hg(II) 4.02 9.56 ± 0.87 4.04 1.30 ± 0.80 4.05 56.47 ± 0.19 

 5.08 11.86 ± 1.52 5.03 1.21 ± 0.50 5.06 59.34 ± 0.26 
 6.06 19.06 ± 1.10 6.01 2.05 ± 0.34 6.11 64.60 ± 0.78 
 7.06 20.28 ± 1.16 7.08 1.38 ± 0.57 7.11 89.51 ± 0.04 
 7.63 19.21 ± 1.21 7.63 1.38 ± 0.49 7.65 89.83 ± 0.20 

 1.01 2.03 ± 1.50 1.04 5.95 ± 3.96 1.02 62.48 ± 3.00 
 2.28 8.20 ± 1.99 2.10 7.56 ± 1.67 2.27 70.40 ± 1.11 
 3.30 10.31 ± 1.94 3.25 9.99 ± 1.12 3.23 78.76 ± 2.02 

Ag(I) 4.10 20.00 ± 1.64 4.10 12.22 ± 1.44 4.12 80.84 ± 1.97 
 5.17 27.88 ± 1.44 5.16 16.53 ± 2.01 5.15 85.88 ± 1.44 
 6.10 25.92 ± 1.43 5.96 17.20 ± 1.87 6.06 85.73 ± 0.54 
 7.04 23.27 ± 2.47 6.96 15.10 ± 0.98 6.91 85.36 ± 1.13 
 7.64 25.42 ± 2.21 7.63 15.22 ± 1.91 7.64 84.11 ± 0.95 
a Mean ± S.D. (n=3) 
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 Table A.4 The % extraction of Hg(II) and Ag(I) by MPs-PS-AEPE at different times 
related to Figure 4.12 
 

% ExtractionaTime (min) 

Hg(II) Ag(I) 

5 83.75 ± 0.28 66.02 ± 1.32 

10 86.97 ± 0.17 69.13 ± 0.77 

15 88.48 ± 0.25 73.41 ± 1.55 

30 90.40 ± 0.18 79.89 ± 1.02 

45 90.34 ± 0.19 81.08 ± 0.77 

60 90.40 ± 0.17 82.11 ± 1.02 

90 90.34 ± 0.17 82.11 ± 1.11 

120 90.33 ± 0.11 82.54 ± 1.11 

150 90.38 ± 0.13 83.14 ± 1.55 

180 90.33 ± 0.11 83.43 ± 1.11 
                                        a Mean ± S.D. (n=3) 
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Table A.5 The % desorption of Ag(I) at different times related to Figure 4.21 
 
 

Desorption time (min) % Desorptiona

15 78.46 ± 2.40 

30 81.87 ± 2.17 

45 84.45 ± 1.80 

60 87.07 ± 3.16 

90 89.25 ± 3.12 

120 89.93 ± 2.89 

150 90.02 ± 1.90 

180 90.25 ± 1.44 
                    

                                      a Mean ± S.D. (n=3) 
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Table A.6 The % extraction and desorption of Hg(II) and Ag(I) related to Figure 4.22 
 

Hg(II) Ag(I) Cycles 

% Extractiona %Desorptiona % Extractiona %Desorptiona

1 79.15 ± 0.18 99.25 ± 0.76 80.67 ± 1.42 84.70 ± 0.88 

2 78.78 ± 0.08 98.67 ± 1.02 71.10 ± 1.24 73.80 ± 1.19 

3 78.63 ± 0.19 98.38 ± 1.78 61.92 ± 0.81 66.72 ± 1.06 

4 78.53 ± 0.11 98.44 ± 1.21 53.43 ± 0.81 59.75 ± 2.14 

5 78.48 ± 0.11 99.60 ± 0.92 46.68 ± 0.47 53.73 ± 2.64 

6 80.18 ± 0.13 99.14 ± 0.45 41.38 ± 1.24 48.73 ± 2.52 

7 80.01 ± 0.08 95.91 ± 0.53 -b -b

8 79.64 ± 0.20 93.27 ± 0.98 -b -b

9 79.27 ± 0.58 92.35 ± 1.99 -b -b

10 77.93 ± 0.51 89.42 ± 3.66 -b -b

 

a Mean ± S.D. (n=3) 
b There is no experiment. 
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