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CHAPTER 1 

INTRODUCTION 

1.1 Statement of the problem  

 

Lead is a toxic metal and a very strong poison. It is considered as a pollutant 

element worldwide. Humans can be easily exposed to lead via various pathways. If lead 

accumulates in the human body in high quantity, it can damage almost all vital systems 

in the human body including reproductive system [1] and nervous system [2]. For 

reproductive system, in men, not only the sperm count decrease when exposed to high 

concentration of lead, but lead can also change the sperm morphology and motility [3]. 

In a pregnant woman,  lead can affect a child underdevelopment [4]. Children are the 

most sensitive to lead effects, and lead is absorbed at a faster rate compared to adults 

[5]. Lead is widely contaminated in dust and soil in lead mining,  food,  paints as well 

as waste water from petrochemical industry [6]. 

Different water treatment processes have been developed for removal and 

recovery of metal ions. The common treatment processes include chemical 

precipitation, coagulation and flocculation, ion exchange, electrochemical treatments, 
membrane filtration and adsorption technologies. Adsorption technologies are popular 

methods for the removal of heavy metals from industrial wastewater due to low cost, 
simple methods and high efficiency [7]. For materials to become an adsorbent for lead 

ions with best performance,  the adsorbent must have pore structure and accessible 

adsorption sites. The adsorbent must be structurally stable under adsorption. Good 

contact should be established between the lead ions and the adsorption sites. Due to 

their characteristics of high surface area, large adsorption capacity and porous structure, 

MCM-48 and SBA-15 are regarded as good choices in wastewater treatments [8, 9]. 

However, MCM-48 and SBA-15 have a weak and low thermal stability bounding with 

metal ions. It is necessary to modify MCM-48 and SBA-15 to improve their thermal 

stability and adsorption capacity for metal adsorption application. For removal of metal 

ions in wastewater with nanoparticles of these materials to enhance the surface area, 

there are some problems because their particle sizes are so small that it is hard to collect 

them after the adsorption process. Functionalized Fe3O4 nanoparticles (NPs) were used 

as a support for removing sorbents from water by an external magnet [10]. 

MCM-48 cubic structures and SBA-15 hexagonal structures were chosen as 

sorbent materials in this work for their good adsorbent properties. Fe3O4 nanoparticles 

(NPs) were loaded into the adsorbents for superparamagnetic properties. The current 

work reports on the preparations of mesoporous silica and Fe3O4 nanoparticles. MCM-

48 and SBA-15 were functionalized with thiol groups and amino groups for improving 

efficiency of adsorbents in lead in wastewater removal. 

 
 



 

 

2 

1.2 Objectives 

1. Synthesis, functionalization and characterization of magnetic nanoparticle-

mesoporous silica composites. 

2. Investigation of selectivity, adsorption ability, and reusability of magnetic 

nanoparticle-mesoporous silica composites in lead (II) ion removal. 

 

 

1.3 Scopes of the thesis 

First,  mesoporous silica ( MCM-48 and SBA-15)  were prepared via 

hydrothermal method,  and Fe3O4 nanoparticles were synthesized by thermal 

decomposition method. Then Fe3O4 nanoparticles (NPs) were loaded into MCM-48 and 

SBA-15 to make magnetic composites. Fe3O4@MCM-48 and Fe3O4@SBA-15 were 

modified to improve the efficiency in removal of lead ion with diethylenetriamine 

(DETA) and 2-aminothiophenol (ATP).  The formation of Fe3O4@MCM-48 and 

Fe3O4@SBA-15 was confirmed by X-ray diffractometer ( XRD) , Fourier- transform 

infrared spectroscopy ( FT-IR) ,  surface area analysis,  thermogravimetric analysis 

(TGA). The morphology of Fe3O4@MCM-48 and Fe3O4@SBA-15 was studied using 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).  

We present a study on the lead adsorption on amino- and thiol-functionalized 

Fe3O4@MCM-48 and Fe3O4@SBA-15 to compare the two functional groups that were 

functionalized on the potentially efficient supports. The adsorption of Pb(II)  was 

studied by a batch operation. We studied effects of initial concentration of lead (II) ion, 

pH,  and contact time in the removal of lead ion in water, including reusability of the 

sorbents. The concentration of lead solution was determined using flame atomic  

absorption spectrometry (FAAS).



 

 

CHAPTER 2  

THEORY AND LITERATURE REVIEW 

2.1 Mesoporous materials 

Mesoporous materials are one of molecular sieve materials. From the IUPAC 

definition, porous solids are divided in 3 classes [11],  and mesoporous materials are 

materials containing pores with diameters of between 2 and 50 nm, while microporous 

materials and macroporous materials have pores of diameter smaller than 2 nm and 

larger than 50 nm, respectively. Mesoporous materials have been used in many 

applications including ion exchange, drug delivery, catalysis and adsorption due to their 

large surface area, modifiable surface chemistry via functionalization,  uniform pore 

size distribution and fast adsorption kinetics [12].   

 

 

Figure 2.1 Definition and classification of porous Materials [11]. 

In 1992 mesoporous silica was first synthesized and prepared as highly ordered 

silica called M41S by Mobil scientists. The mesoporous materials M41S series have 

been classified into three main subgroups [13]: a hexagonal structure (MCM-41, SBA-

15), a cubic structure (MCM-48), a lamellar structure (MCM-50). M41S and the SBA 

series are very popular in adsorption applications due to their structures and properties, 

but different from MCM-50 because MCM-50 materials have unstable lamella 

structure.  
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Figure 2.2 Structures of mesoporous M41S materials a) MCM-41 b) MCM-48 c) 
MCM-50 [14]. 

 

2.1.1 Mobil Composition of Matter-48 (MCM-48) 

Mobil Composition of Matter (MCM) was first synthesized by Mobil's 

researchers in 1992. MCM-48 has high surface area, a large pore volume, a strong 

thermal stability and three dimensional cubic pore structure. Due to MCM-48’s 3-

dimensional pore structure properties that could separate and eliminate diffusion 

limitations and prevent clogging, this material was more resistant to pore blocking and 

could achieve faster diffusion with good mass transfer through the channels [15]. 
Surfaces of MCM-48 structure can be modified, and loading transition metals into its 

framework can be done to apply this materials in catalytic and adsorption applications. 

 

2.1.2 Santa Barbara Amorphous-15 (SBA-15) 

Santa Barbara Amorphous was developed in 1998 by Zhao et al.[16] SBA-15 

is a mesoporous silica with a narrow pore size distribution and a tunable pore diameter 

of between 5 and 30 nm. It can make the target molecules come into material pores 

with less difficulty. SBA-15 has two-dimensional hexagonal pore structure. The 

thickness of framework walls of SBA-15 are about 4 nm, which gives the material a 

higher mechanical and hydrothermal stability than MCM-41 ( thickness of MCM-41 

wall is about 1 nm) [17].   

 

2.1.3 Principles of the synthesis of mesoporous materials 

Four reagents were required to synthesize mesoporous materials. 

1. Solvent          

Water or alcohol was used for synthesis of mesoporous silica. 

2. Silica sources  

Tetramethyl ortosolicate (TMOS), tetraethyl ortosilicate (TEOS), and sodium 

silicate were used as inorganic species of silica. 
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3. Catalysts         

Acids and bases were used for bringing the reaction mixture to acidic or basic 

conditions, respectively. Moreover, they act as catalysts for the hydrolysis and 

condensation of silica precursors. 

4. Surfactants         
Surfactants are molecules that have a dual chemical property in the structure; 

one part of the molecule is hydrophilic and the other is hydrophobic [18].  

Surfactant can be classified into 4 groups according to the charges of the head 

group. 

Anionics (S-):  A type of surfactants that have negative charges on polar head 

groups such as carboxylates, sulphates, sulfonates and phosphates. 

Cationics (S+): A type of surfactants that have positive charges on polar head 

group. Most used cationic surfactants are fatty amines, their salts, and quaternary 

derivatives. Cationics surfactants are mostly based on nitrogen atom. 

Non ions ( S0) : A type of surfactants that do not produce ions in aqueous 

solution. Examples are poly(ethylene oxide) and block copolymers. The copolymers 

are composed of blocks of different polymerized monomers, and they usually have a 

relatively low molar mass. 

Zwitterionics : A type of surfactants that have two different charges of 

different signs on their head group giving a neutral charge. In other words, they have 

both cationic and anionic centers attached to the same molecule. Ammonium cations 

are most common for positively charged group,  and carboxylate are most common for 

negative charged group, but the composition may vary using other groups such as 

sulfonates group.  

 

 

Figure 2.3 Basic diagram of surfactant structure [19]. 
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The structures of resulted mesoporous materials depend on the electrostatic 

and steric interaction between silica sources and the surfactant molecules. The charging 

of surfactants (S) are determined by their property, while the charging of silica sources 

( I)  are determined by pH of the synthesis system. For the interaction between 

surfactants and silica sources with different charges can be completed by the reverse 

charge matching (S-I+ or S+I-).  Also, the interaction between similar charges could be 

done under the mediation of ions with the opposite charge ( S+ X- I+ or S- X+ I-). 
However, anionic surfactants as the template are not suitable for the synthesis of 

mesoporous materials because in basic condition the interaction of surfactant and 

silicate are very weak, and under acidic condition anionic surfactant could receive the 

large number of protons from acid solution. For non-ionic surfactant, the surfactant was 

interacted with silica sources through hydrogen-bonding for controlling the structure of 

mesoporous materials (S0I0)  ,  (S0(IX)0) [19]. 

 

Figure 2.4 Different types of silica-surfactant interactions [19]. 

 

 

Formation mechanism of mesoporous materials was divided into 2 pathways. 

1. The liquid crystal templating mechanism [20]. 

The surfactant liquid crystalline phase was formed before the hydrolyzed silica 

sources with hydrophilic character were filled into liquid crystalline phase. The 

geometry of mesoporous materials depends on the liquid crystalline shape. 

2. Cooperative formation mechanism [21]. 

The silica source was added into the mixture to form the template of mesopores 

via the self-assembly process. 
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Figure 2.5 Schematic model of microporous formation mechanism via two possible 
pathways a) The liquid crystal templating mechanism and b) Cooperative formation 

mechanism [20]. 

The shape and the aggregation of micelles into liquid crystals depends on the 

surfactant concentration [22]. At very low concentration, surfactants dissolve in 

solution and act as free molecules. When surfactant concentration is higher and reach 

the CMC1 point (critical micelle concentration 1), the surfactants are formed into small 

spherical micelles, and at the CMC2 point (critical micelle concentration 2) for higher 

surfactant concentration, small spherical micelles coalesce to form cylindrical micelles 

as the quantity of solvent between the micelles are decreased. When the surfactants 

concentration is higher than the CMC2 point and the liquid crystal (LC) are aggregated 

to form hexagonal close-packed LC arrays. Moreover, cubic structure are formed when 

the surfactant concentration is higher than concentration for the formation of 

hexagonal[22]. 

  

Figure 2.6 Phase diagram of a quaternary ammonium surfactant 

(cetyltrimethylammonium bromide: CTAB) in water [22]. 
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The solutions are mixed and aged at appropriate temperature and time. After 

crystallization, the surfactant template is no longer needed, and it is removed to open 

the porous structure by calcination, solvent extraction or UV-ozone treatment. 

 

2.1.4 Removal of the surfactant template 

The removal of surfactant is the important step for synthesis of mesoporous 

silica as the surfactant molecules used as templates must be removed to yield the porous 

structures. Various methods, such as calcination, solvent extraction and UV-Ozone 

treatment are common methods for removing surfactant templates from mesoporous 

silica. 

 

1.Calcination  

Calcination is a common method used for removal of the template in materials. 

The as-synthesized materials are composed of huge amounts of coke and organic 

impurities, and these contaminants can block the pore in the materials. Therefore, this 

method is also used to solve a pore blocking problem. For this method,  the as-

synthesized materials are heated in air,  nitrogen and oxygen. When the template is 

removed from mesoporous materials,  the mesoscopic structure is well organized, and 

the reflection intensities are usually increased. A standard common procedure that can 

be used in the calcination of mesoporous silica is a temperature program of a heating 

rate of 1 °C/min up to 550°C under air for 5 h [23] . 

2.Solvent extraction 

Solvent extraction is based on the extraction of the organic templates.   The 

efficiency of solvent extraction depends on the interactions between the templates and 

the inorganics,  temperature and extraction time. MCM-41 and MCM-48 can be 

extracted in alcohols, acid solutions, ammonium acetate and neutral salt solutions, etc. 

Block copolymers can be extracted from SBA-15 with acidic ethanol solutions [24]. 

More polar solvents, such as strong acid, are good choices to dissolve the template ions. 

Ion-exchange is the reaction during the removal of templates using solvent extraction. 

3.UV-Ozone  

In this method, the as-synthesized mesoporous silica is treated with ozone 

using a UV lamp with specific wavelength to produce ozone from atmospheric oxygen. 

The non-ionic surfactants are then removed from mesoporous silica structure at room 

temperature [25]. 

Calcination is the most popular method to remove the surfactant template 

because calcination is a facile process and could eliminate the surfactant templates used 

in the materials with high temperature. However, this method requires a large quantity 

of energy to remove surfactant template, and the mesoporous structures of the materials 

could be broken after calcined at high temperature for a long of time [26]. Solvent 

extraction is used to avoid the destructive effect, but this method need a large amount 

of organic solvents and a long time requirements. Solvent extraction can efficiently 
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extract the templates from mesoporous materials at temperatures between 50 and 100 

°C. For UV-Ozone treatment, the templates can efficiently be extracted from 

mesoporous materials at temperatures not exceeding 250 °C. The advantages of ozone 

treatment are that this method does not require organic solvents to remove the templates 

on materials, and the resulted samples yield a high silanol group density. However, 

toxic gases can form and pollute the atmosphere after removal of the surfactant 

templates, and this method cost highly when compared with calcination and solvent 

extraction methods [27]. 

 

2.2.Iron oxides and their magnetic properties 

Iron oxides are chemical compounds composed of iron and oxygen. Iron 

oxides include magnetite, hematite and maghemite. Hematite shows an 

antiferromagnetic property, while magnetite and maghemite shows a ferrimagnetic 

property [28].  

Generally, the magnetic materials are divided into three classes by their 

properties [29]. 

1. Diamagnetic is the weakest magnetic properties with negative susceptibility 

to a magnetic field. In these materials, a small magnetization is induced when placed 

near strong magnets and does not maintain the magnetic properties when the external 

field is removed [30]. 

2. Paramagnetic is the stronger magnetic property than diamagnetic with 

positive susceptibility to magnetic fields. Paramagnetic properties are due to the 

presence of some unpaired electrons. Magnetic moments are arranged into the same 

direction when placed under an external magnetic field. In other words, magnetic 

moments of the paramagnetic material have random directions when placed outside a 

magnetic field[30]. 

3. Ferromagnetic is the strongest magnetic properties with positive 

susceptibility to an external magnetic field. These materials show permanent 

magnetization, and ferromagnetic materials show a strong attraction to magnetic fields. 

Moreover, the materials are able to retain their magnetization after the external field 

has been removed [29]. Ferromagnetism consists of two subclasses, ferrimagnetism and 

antiferromagnetism. For ferrimagnetism, the materials would attractively respond to an 

external magnetic field, but with more weakly than ferromagnetic materials of the same 

quantity. For antiferromagnetism, the materials show very little magnetization when 

placed under magnet fields. 

For nanomaterials, superparamagnetic is a type of magnetic character that 

exhibits in ferromagnetic and ferrimagnetic nanoscales. The nanoparticles are single-

domain particles. In other words, total magnetic moment of the nanoparticle can be 

considered as one giant magnetic moment. The materials conduct similar to 

paramagnetic materials in absence of magnetic fields, but superparamagnetic materials 

have much stronger magnetic response than paramagnetic materials [30]. 
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2.2.1 Magnetite 

Magnetite is a ferrimagnetic material with crystal structure following an 

inverse spinel structure with octahedral and tetrahedral-octahedral layers. The chemical 

formula Y[XY]O4 with X and Y symbolize ferrous and ferric, respectively. In 

magnetite structure, ferrous ions inhabit the octahedral lattice sites, and ferric species 

stay in the other octahedral and tetrahedral lattice sites. Magnetite’s density is 

confirmed at 5.18 g/cm3 and melting/boiling points are noted at 1590 and 2623 °C. 

Magnetite has a face-centered cubic lattice structure with a unit cell edge length of 

0.8396 nm and exhibits twinning along {111} planes [31]. 

 

Figure 2.7 A unit cell of magnetite [31]. 

 

For this work, magnetite particles in nanoscale were used to form composites 

with mesoporous silica for their high magnetization and relatively low toxicity. The 

resulted composites were proposed to be sorbents that could be magnetically separated 

from treated water. 

 

2.3 Adsorption 

Adsorption is a process of gas, liquid or solid phase transferred from one 

substance into another substance surface via mass transfer. A substance to be adsorbed 

on a surface are called adsorbate. The surface solid that adsorbs another substance is 

called adsorbent. This is a different process from absorption as adsorption happens at 

the surface of the substance but absorption is a term describing the distribution of the 

substance entering some bulk phase material. If adsorption and absorption are 

happening at the same time, the process is called sorption. 
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2.3.1 Physical adsorption 

The physical adsorption occurs with the structure of multilayer of adsorbate 

on adsorbent. The force of attraction between adsorbate and adsorbent is weak van der 

Waal forces of attraction. The process is reversible, and the physical adsorption 

decreases with increase of temperature. This type of adsorption has low enthalpy of 

adsorption of about 20-40 kJ/mol.  

2.3.2 Chemical adsorption 

The chemical adsorption takes place with the structure of monolayer of 

adsorbate on adsorbent. The force of attraction between adsorbate and adsorbent is 

chemical forces or chemical bonds. The process is irreversible, and the chemical 

adsorption first increases and then decreases with increase of temperature. The effect 

is called activated adsorption. This type of adsorption has high enthalpy of adsorption 

of about 40-400 kJ/mol. 

Coordination and the Hard/Soft Acid/Base (HSAB) theory 

Coordination bonds could be formed between a metal center and ligands 

(atoms, ions, or molecules that donate electrons to the metal). These coordination 

compounds or complexes can be neutral or charged.  The formation of these compounds 

can be explained using the hard/soft acid/base theory. Hard acids and bases are small, 

compact, and non-polarizable species, while soft acids and bases are larger molecules 

or ions with more diffused distribution of electrons. Borderline acids are intermediate 

between hard and soft acids as they have lower charge and larger size than hard acids, 

and higher charge and smaller size than soft acids. Borderline bases are intermediate 

between hard and soft bases similar to the borderline acids[32].  

The polarizability of an acid or base plays an important role in its reactivity. 

Hard acids (ions of hard metal) form more stable complexes with hard bases (hard 

ligands), while soft acids (ions of soft metal) shows a preference for soft bases (soft 

ligands). Borderline acids and bases showed less preference on the pairing with the 

counterparts, leading to difficulty in finding the stable complexes for these species. 

Lead (II) ion is regarded as a borderline acid [33], and therefore challenging in finding 

the bases that could form stable complexes. 

 

2.3.3 Adsorption isotherm 

The process of adsorption is studied through graphs about the quantities of 

adsorbate adsorbed on the surface of adsorbent at a constant temperature. Langmuir, 
Freundlich and BET model are common isotherms for removal of metal ions in waste 

water treatment [34].     
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The Langmuir isotherm [35] 

The Langmuir isotherm studies adsorption of adsorbate via monolayer 

adsorption onto the homogenous surface of adsorbent at a constant temperature. The 

surface of adsorbent has a specific number of sites where adsorbate molecules can be 

adsorbed. The Langmuir isotherm is shown in Eq. 2.1.                                                                                                                                                                                                                                           

 

(2.1) 

 

where 

qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g); 

Ce = the equilibrium concentration of adsorbate (mg/L); 

Qo = maximum monolayer coverage capacity (mg/g); 

b  = Langmuir isotherm constant (L/mg). 

 

The linear form of the Langmuir equation is shown as Eq. 2.2. [38] 

 

(2.2) 

 

 

The Freundlich isotherm [36] 

The Freundlich isotherm studies adsorption of adsorbate via multilayer 

adsorption onto the heterogeneous surface of adsorbent at a constant temperature. The 

Freundlich isotherm is shown in Eq. 2.3. 

 

(2.3) 

 

where 

Kf = Freundlich isotherm constant (mg/g); 
n  = adsorption intensity;  

Ce = the equilibrium concentration of adsorbate (mg/L);  

qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g). 

 

The linear form of the Freundlich equation is written as Eq. 2.4. 

 

(2.4) 

where 

n  = adsorption intensity;  

qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g); 

Kf  and 1/n can be determined from the linear plots of ln qe versus ln ce.[39] 

;
1

n

ee KfCq 
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2.4 Literature reviews 

Mesoporous silica materials have been widely used in adsorption applications 

for removal of lead due to their properties of large surface area,  narrow distribution 

pore size and good kinetics.  However, mesoporous silica materials are not efficient for 

direct lead adsorption. Mesoporous silicas have to be modified with various functional 

groups for improving adsorption efficiency. In many researches, different functional 

groups were used to functionalized with mesoporous silica and magnetic-mesoporous 

silica in the removal of lead in waste water as summarized in Table 2.1. 

 

Table 2.1 Functionalized  mesoporous silica for removal of lead ions 

Adsorbent Ligands Adsorption 

capacity (mg/g) 

References 

MCM-41 

 

84.95 [8] 

MCM-41 

 
 

51.8 [8] 

SBA-15 

 
 

82.88 [37] 

SBA-15 

 

39.36 [38] 

MCM-41 

 

35.22 [39] 

MCM-41 

 

 

87.02 [39] 

MCM-41 

  

192.69 

 

[39] 

Mag-MCM-41 

 

 

268 [40] 

Mag-MCM-48 

 

127.24 [41] 
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For Benhamou, A. et al. [8], mesoporous silica MCM-41 was synthesized 

using 1 SiO2, 0.45 CTAB, 0.32 TMAOH, 67H2O. Surface area of calcined MCM-41 

was 1207 m2/g, and the pore volume was 0.853 cm3/g. The functionalized MCM-41 

with N-N dimethyldodecylamine (DMDDA) and dodecylamine (DDA), N-N 

dimethyldodecylamine (DMDDA) and dodecylamine (DDA) were added into MCM-

41 each batch under magnetic stirrer at ambient conditions. Surface area of DMDDA-

MCM-41 and DDA-MCM-41 were 63 m2/g and 89 m2/g and pore volume 0.276 cm3/g 

and 0.314 cm3/g, respectively. Each sample exhibited type IV isotherm according to the 

IUPAC classification with hysteresis loops. For lead adsorption in mixed solution 

experiment, the adsorption capacity of lead (II) ion using DMDDA-MCM-41 and DDA-

MCM-41 were 84.95 mg/g and 51.8 mg/g, respectively. 

For Yang, H. et al. [37], SBA-15 with cetyltrimethylammonium (CTAB) and 

tetramethyl ammonium hydroxide (TMAOH) as hybrid surfactant templates was 

synthesized with APTES, TEOS, CTAB, HCl, TMAOH, ethanol molar ratios of 

0.25:1:0.022:0.025:6.25:40.76 in a one- step procedure. In other words, the 

functionalization directly incorporated organic groups into silica frame. After that, the 

solvent extraction was used to remove organic template. Surface area of 421.9 m2/g , 

pore volume of 0.5 5 6  cm3/g and pore size of 6.1 nm were reported for APTES-SBA-

15. The nitrogen adsorption–desorption isotherm showed the Type-IV curve. The 

ability of adsorbent to remove lead ions from aqueous solution showed that the 

adsorption capacity was 82.88 mg/g. 

For Thuu, P. et al. [38], thiol-functionalized-SBA-15 materials were 

synthesized by varying the concentration of 3-mercaptopropyltrimethoxysilane 

(MPTMS) as a thiol source with different molar ratios of MPTMS/TEOS of 0.05, 0.10, 

0.15, 0.20, and 0.30. This method used ligand functionalization with a one-step 

procedure. The surface area SBA-15 with 0.05 MPTMS/TEOS molar ratios was 720.7 

m2/g, pore size was 6.1 nm, and the surface area and pore size were decreased with 

increase of thiol group. All samples are type IV adsorption isotherms. The results of 

lead adsorption depended on amount of thiol group in the functionalized SBA-15 

samples while the adsorption capacity of thiol-functionalized mesoporous silica with 

0.30 MPTMS/TEOS molar ratios was 39.36 mg/g.  

 For Idris, S. et al. [39], different groups of APTES MPTMS and DETA were 

used as agents for amino and mercapto functional groups for surface modification onto 

MCM-41.  The synthesis process of MCM-41 was modified to improve silanol group 

and pore distribution. Solution of nitric acid and hydrogen peroxide were used in 

microwave digestion ( MWD)  to remove the surfactant. The surface and pore size of 

MWD-MCM-41 and C-MCM-41( calcination method)  were 760 m2/g , 6.74 nm and 

813 m2/g, 2 .53 nm , respectively, while MWD-MCM-41 has larger pore size than C-

MCM-41.  The adsorption isotherm MWD-MCM-41 showed Type IV with the 

hysteresis loop. MWD-MCM-41 loop was broader than C-MCM-41 loop that show 

MWD-MCM-41 have a large pore distribution with the different pore size. MWD-

MCM-41 was brought to use as materials for functionalization with ligands to improve 

adsorption efficiency using a condensation reaction. The adsorption capacity of 
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APTES-MCM-41, MPTMS-MCM-41 and DETA-MCM-41 were 35.22 mg/g, 87.02 
mg/g and 192.69 mg/g, respectively. 

For Mehdinia, A. et al. [40], magnetic mesoporous silica nanocomposites were 

synthesized using colloidal suspension of magnetic nanoparticles under nitrogen 

atmosphere. The surfactant templates of mesoporous silica composite were removed by 

calcination, and APTES was added into mesoporous silica composites for surface 

modification. The adsorption isotherm of magnetic mesoporous silica nanocomposites 
showed type IV of mesoporous structure. The surface area magnetic mesoporous silica 

nanocomposites was 880 m2/g, and the pore size was 1.8 nm. The magnetic amine-

functionalized mesoporous silica nanocomposites were used to remove lead(II), 

copper(II) and zinc(II) ions from aqueous solutions by batch operates. The removal 

efficiencies of lead(II), copper(II) and zinc(II) ions of  magnetic NH2-MCM-41 were 

88, 91 and 95%, respectively. The maximum adsorption capacities calculated from the 

Langmuir model were 268, 93 and 82 mg g-1, respectively. 

For Anbia, M. et al. [41], MCM-48 was composited with magnetic 

nanoparticles that were synthesized by chemical co-precipiation method. The prepared 

magnetic nanoparticle spheres were added in to the gel composition of MCM-48. The 

mixture containing magnetic nanoparticles was filled into an autoclave and heated for 

crystallization to produce magnetic-MCM-48 nanocomposites. The surface of 

composites were modified with (3-aminopropyl) triethoxysilane to produced magnetic-

NH2-MCM-48 nanoparticles. Then, the magnetic-NH2-MCM-48 nanoparticles were 

added to the mixture contain cyanuric chloride and N,N-Diiso propylethylamine. The 

mixture was stirred for 1 day and reflux with ethylenediamine then soxhlet extracted 

with tetrahydrofuran to produce a magnetic-melamine-based dendrimer amines-MCM-

48. MDA-mag-MCM-48 exhibits a Type IV profile according to the BET classification, 

and the surface area and pore size of MDA-mag-MCM-48 were 511 m2/g and 3.46, 

respectively. The lead adsorption capacity of MDA-mag-MCM-48 were 127.24 mg/g. 

The literature review showed that amino group and thiol group exhibit a good 

efficiency to adsorb lead ion with coordinated covalent. SBA-15 is a better supporter 

than MCM-41 with the same APTES ligands and DETA ligand. An increase in number 

of amino group in the molecule could lead to higher efficiency of lead adsorption when 

comparing DETA with APTES ligand.  

In this work, SBA-15 and MCM-48 prepared using hydrothermal methods 

were used as adsorbents with large surface area. Diethylenetriamine and 2-

aminothiophenol, with amino and mercapto group, modified mesoporous silicas were 

prepared and studied as adsorbent for removal of lead ions. Moreover, for the 

preparation of iron oxides nanoparticle-mesoporous silica  nanocomposites, magnetic 

nanoparticles have been introduced into the sorbents because they can facilitate rapid 

separation from aqueous solutions by a magnet. 
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CHAPTER 3 

EXPERIMENTS 

The preparation of magnetic composite of mesoporous silica for lead(II) 

removal was divided into 4 parts. 

Part 1 : Preparation of magnetic composite of mesoporous silica 

- Synthesis of MCM-48 

- Synthesis of SBA-15 

- Synthesis of magnetic nanoparticles 

- Preparation of the composite of mesoporous silica and magnetic nanoparticles 

Part 2 : Functionalization of the nanocomposites  

- Functionalization of diethylenetriamine (DETA) onto  magnetic composite 

- Functionalization of 3-mercaptopropyltrimethoxysilane (MPTMS) onto  

magnetic composite 

- Functionalization of 2-aminothiophenol onto  magnetic composite 

Part 3 : Characterization of the magnetic composite of mesoporous silica 

Part 4 : Adsorption study of lead 

 Effect of time 

 Effect of lead solution pH 

 Reusability of the composites 

 Effect of foreign ions in Pb(II) removal operation 

3.1 Apparatus 

- Fourier transform infrared spectroscopy ( FT-IR)  were measured using the 

Impact 410 (Nicolet). 

- X-ray diffraction ( XRD)  were measured using the DMAX 2200/Ultima 

(Rigaku). 

- Surface area analyzer were measured using the BELSORP-mini (BEL Japan). 

- Scanning electron microscopy ( SEM)  were measured using the JSM-54 10LV 

(JOEL). 

- Transmission electron microscopy (TEM) were measured using the JEM-2100 

(JOEL). 

- Thermogravimetric analysis (TGA) were measured using the Pyris 1 TGA 

(Perkin Elmer). 

- Flame atomic absorption spectrometer ( FAAS)  were measured using the 

Analyst 100 (Perkin Elmer). 
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3.2 Chemicals and reagents 

All chemicals were used without purification 

3.2.1 Chemicals 

Table 3.1 List of chemicals  

Chemicals Suppliers 

Cetyltrimethylammonium bromide 

(CTAB) 

Sigma–Aldrich 

Tetraethoxysilane (TEOS) Sigma–Aldrich 

Pluronic® P-123 Sigma–Aldrich 

3-mercaptopropyltrimethoxysilane 

(MPTMS) 

Sigma–Aldrich 

3-chloropropyltrimethoxysilane (CPTMS) Sigma–Aldrich 

Diethylenetriamine (DETA) Sigma–Aldrich 

1000 g/mL of lead standard solution Sigma–Aldrich 

1-ocadecene Sigma–Aldrich 

Toluene (99%) Merck 

Hexane Merck 

Absolute ethanol Merck 

Sodium hydroxide (99%) Merck 

Oleic acid Merck 

Hydrochloric acid (conc.) Merck 

Chloroform Merck 

Toluene Merck 

Nitric acid (conc.) Merck 

Iron (III) chloride (FeCl3) Fisher Scientific 

2-aminothiophenol Alfar aesar 

3-(triethoxysilyl)propyl isocyanate 

(TEPIC) 
Alfar aesar 

. 

3.3 Preparation of the magnetic composites of mesoporous silica 

3.3.1 Synthesis of MCM-48 

MCM-48 mesoporous silica was synthesized following a method described by 

Gies et al. with some modifications [42]. The reaction mixture with the molar ratio of 

1 (TEOS):0.48 (CTAB): 0.48(NaOH): 55 (H2O) was prepared. CTAB was added into 

deionized water while stirring until the solution became clear. NaOH was added into 

the solution under continuous stirring for 15 min. TEOS was added drop-wise to the 

solution under continuous stirring, and the mixture was heated at 40-50 °C for 3 h. The 

gel was placed in a Teflon container, then sealed and placed in an oven at 90 °C for 4 

days to yield MCM-48. The product was filtrated,  washed repeatedly with deionized 

water and dried at room temperature. Finally the samples were calcined at 540 °C for 5 

h to remove the templates. 
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3.3.2 Synthesis of SBA-15 

4.0 g of Pluronic P123 was dissolved in 30 g of deionized water and 120 g of 

2 M HCl solution with stirring at 35 °C until the solution became clear. Then 8.50 g of 

TEOS was added into that solution with stirring at 35 °C and the mixture was aged at 

80 °C for 24 h. The gel was placed in a Teflon container, then sealed and crystallized 

in an oven at 100 °C for 1 day. The product was filtrated,  washed repeatedly with 

deionized water and dried at room temperature. Finally the samples were calcined at 

540 °C for 5 h to remove the templates [43]. 

 

3.3.3 Synthesis of magnetic nanoparticles 

In order to prepare MNPs, we started with the preparation of iron-oleate as 

precursor. 0.96 g NaOH was dissolved in 10 mL Milli Q water. Then NaOH solution 

was added to 7.6 mL oleic-acid in a 250 mL round bottom flask. Sodium oleate and 

FeCl3 were dissolved in a mixed solvent containing 28 mL hexane, 16 mL ethanol, and 

12 mL Milli Q water. The mixture was refluxed at 70 °C for 4 h. After refluxed,  the 

mixture was washed three times in a separation funnel with 6 mL de-ionized water. 

Hexane was removed by evaporation. The iron-oleate complex was obtained in a waxy 

solid form. 

MNPs were synthesized using thermal decomposition technique. Oleic acid 

(0.57 g) and iron-oleate complex (3.6 g) were added to 20 g of 1-octadecene. The 

mixture was slowly heated to 320 °C with a rate of 3.3 °C/min and maintained for 30 

min to generate iron oxide nanocrystals using a temperature controller. After heating, 
the mixture was cooled to room temperature naturally. The brownish-black products 

were separated from the mixture via centrifugation and precipitated using ethanol to 

produce MNPs [44]. 

 

3.3.4 Preparation of composite of mesoporous silica and magnetic nanoparticles 

 MNPs were dispersed in hexane. Then the mixture was added to mesoporous 

silica. The mixture was stirred for 4 h at room temperature. After stirring,  hexane was 

removed using a rotary evaporator. The brown solid was washed with hexane and dried 

overnight [15].  

For determination of quantity of MNPs in the final composites,  10  mg of 

MNPs@ mesoporous-silica were digested with 50 mL of aqua regia ( nitric acid and 

hydrochloric acid in the volume ratio of 1:3 and heat at 100 °C for 24 h until the metal 

oxides were totally dissolved [45]. The final concentration of Fe ion was determined by 

FAAS. 
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3.4 Functionalization 

3.4.1 Functionalization of diethylenetriamine (DETA) onto magnetic composite 

For the functionalization of MNPs@mesoporous-silica with DETA, we 

adopted the process previously reported with some modification [ 3 9 ] . 0.5 g of 

MNPs@mesoporous-silica was pretreated at 100 °C for 1 h and then added into 10 mL 

toluene. Then, 1 mL CPTMS was added into solution as shown in Scheme 3.1. The 

mixture was refluxed under nitrogen atmosphere for 4 h. The chloro-functionalized 

product was filtrated then washed with ethanol and oven-dried at 100 °C for 1 h.  Then 

the precipitate was added into 10 mL of toluene. 1 mL DETA was added to chloro-

product under refluxed for 18 h under nitrogen flow. The amino-functionalized product 

was filtrated and then washed with ethanol and oven-dried at 100 °C for 1 h to produce 

DETA-MNPs@ mesoporous silica as shown in Scheme 3.2. 

 

Scheme 3.1 Functionalization of MNPs@mesoporous-silica using 3-

chloropropyltrimethox-silane (CPTMS) 

 

Scheme 3.2 Functionalization of MNPs@mesoporous-silica using 

diethylenetriamine (DETA) 

 

3.4.2 Functionalization of 3-mercaptopropyltrimethoxysilane (MPTMS) onto 

magnetic composite 

For thiol-functionalized MNPs@mesoporous-silica, we used the process 

previous reported with some modifications [46]. Typically 0.5 g of 

MNPs@mesoporous-silica was pretreated at 100 °C for 1 h. Then MNPs@mesoporous-

silica was added into 30 mL toluene, and 1.96 mL MPTMS was added to the reaction 

mixture. The mixture was refluxed under nitrogen atmosphere for 5 h. After refluxed, 

the thiol-functionalized product was filtrated then washed with ethanol and oven-dried 

at 120 °C for 16 h to produce SH-MNPs@mesoporous-silica as shown in Scheme 3.3. 
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Scheme 3.3. Functionalization of MNPs@mesoporous-silica using 3-

mercaptopropyltrimethoxy- silane (MPTMS) 

 

3.4.3 Functionalization of 2-aminothiophenol (AMTP) onto magnetic composite 

  0.5 g MNPs@mesoporous-silica was added into 20 mL chloroform. Then,  2 .5 

mL TEPIC was added into solution ( Scheme 3.4) . The mixture was refluxed under 

nitrogen atmosphere for 16 h. The TEPIC product was washed with chloroform and 

dried at ambient temperature. The TEPIC product was added into 20 mL chloroform. 

1.07 mL 2-aminothiophenol was added to TEPIC product under refluxed for 16 h under 

nitrogen flow (Scheme 3.5). The 2-aminothiophenol product was filtrated then washed 

with chloroform and dried at ambient temperature to produce 2-aminothiophenol-

MNPs@mesoporoussilica. 

 

Scheme 3.4 Functionalization of MNPs@mesoporous-silica using 3-

(triethoxysilyl)propyl isocyanate (TEPIC). 

 

Scheme 3.5 Functionalization of MNPs@mesoporous-silica using 2-aminothiophenol 
(AMTP). 
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3.5 Characterization 

The confirmation of crystalline magnetic composite of mesoporous silica 

phase obtained was done using X-ray diffractometer. The XRD patterns of mesoporous 

silica and Fe3O4 were scanned at 2θ in ranges of 2 to 8 and 20 to 70, respectively. 

To determine the Nitrogen adsorption–desorption isotherms, surface area and 

pore diameter, the measurement was done using a surface area analyzer. 

Scanning electron microscope ( SEM)  and transmission electron microscope 

(TEM) were used to determine the morphology of the synthesized particles. 

The stability of mesoporous silica and functionalized-MNPs@mesoporous-

silica at high temperature were studied by Thermo gravimetric analysis (TGA). 

The surfaces of the mesoporous silica before and after functionalization were 

characterized by FT-IR.  

Ninhydrin (2,2-Dihydroxyindane-1,3-dione)  test and Ellman ( 5,5'‐dithio‐bis‐
(2-nitro benzoic acid)) test were used to detect primary amines and thiol groups in the 

modified samples. 

 

3.5.1.Ellman test  

The Ellman reagent (5,5'‐dithio‐bis‐(2‐nitrobenzoic acid), DTNB) was 

prepared by dissolving 40 mg DTNB in 10 mL DMSO. Then the solution was diluted 

100 fold by 0.1 M Tris‐HCl pH 7.5 to make DTNB working solution. DTNB working 

solution was added to the thiol samples and incubated at room temperature for 2 min. 

DTNB reacts with a free sulfhydryl group to produce a mixed disulfide and 2‐nitro‐5‐
thiobenzoic acid (TNB). TNB showing a yellow color in the mixture indicates that the 

samples contain thiol groups [45].  

 

Scheme 3.6 Schematic presentation of the mechanism of Ellman reagent reacting with 
thiol group. 
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3.5.2 Ninhydrin test  

The ninhydrin reagent (2,2-Dihydroxyindane-1,3-dione) is normally used as a 

reagent that reacts with primary amine. The nindydrin reagent was prepared by 

dissolving ninhydrin in ethanol to produce ninhydrin working solution. It was added 

dropwise onto amine samples. Then, NH2-MNPs@mesoporous silica samples were 

tested with ninhydrin working solution, and the mixture of ninhydrin and the sample 

was heated for 1 min. The purple color of 2-(1,3-dioxoindan-2-yl)iminoindane-1,3-

dione as shown in Scheme 3.7 indicating the existence of primary amine on the NH2-

samples is observed [46].  

 

Scheme 3.7 Schematic presentation of the mechanism of Ninhydrin reagent reacting 

with amine group. 

 

3.6 Adsorption study of lead 

Lead adsorption experiments 

The adsorption of Pb(II) onto functionalized and non-functionalized 
MNPs@mesoporous-silica was studied by a batch operation. Batch sorption 

experiments were performed using 0.02 g of absorbent in 25 mL of 10-500 mg/L Pb(II) 

solution at 30 °C. The pH of the solutions was adjusted using HNO3 (1, 5 and 10 %v/v) 

or NaOH (1, 5 and 10 %w/v). The mixture was stirred for 2 h. The solid was separated 

from solution using filtration. Metal concentration, both in the initial and final solutions, 

was determined using FAAS. 

The removal efficiency, R (%), was determined using Eq.(3.1), where C0, and 

Ce are the initial and final concentrations (mgL−1), respectively. 

 

3.1) 
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The adsorption capacity is calculated using the following Eq. 3.2; 

 

                                                       3.2) 

 

C0 and Ce (mg/g) are the initial concentrations and equilibrium concentrations 

of the Pb(II), respectively. V is the volume of the solution (cm3), and W is the mass of 

sorbent (g) used. 

 

3.6.1 Effect of initial lead concentration 

The initial lead concentration was studied in the range of 10 to 500 ppm at pH 

5 and 30 °C. The contact time in this experiment was fixed at 2 h. 

 

3.6.2 Effect of lead solution pH 

The pH of the solutions was adjusted using HNO3 (1, 5 and 10 %v/v) or NaOH 

( 1 ,  5  and 10 %w/v) . The pH was varied at 1,  3 ,  and 5 . The effects of pH were 

investigated at 30 °C for 2 h. 

 

3.6.3 Effect of adsorption time  

Lead solution ( 200 mg/L)  was in contact with the adsorbents for 15 to 240 

min at 30 °C. The pH value in the experiments was fixed at 5. 
 

3.6.4 Reusability of the sorbents 

The reusability of the sorbents was investigated after the sorbents were used 

in lead adsorption experiments by a batch operation. Typically 0.02 g of absorbent was 

stirred in 25 mL of 1 00 mg/L Pb(II) solution at  pH 5 and 30 °C for 2 h. The mixture 

was separated by centrifugation. Lead solution after adsorption experiments was kept 

in plastic bottles. After centrifuged,  the used sorbents were washed using 1 M HCl. 

HCl solution was separated from the used sorbents again by centrifugation. Then, the 

sorbents were washed with DI water for 1 h. The used sorbents were dried at ambient 

temperature and used in another lead adsorption and reusability experiments at the same 

condition. 
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3.6.5 Effect of foreign ions in Pb(II) removal operation 

Waste water samples were prepared by adding various metal ions into lead 

solutions. In each experiment, 0.02 g sorbents was added into 25 mL mixture containing 

Cd2+/Pb2+ , Cr3+/Pb2+ and Zn2+/Pb2+. The initial concentrations of Cd2+, Cr3+, Zn2+, and 

Pb2+ ions were fixed at 100 mg/L. Then the mixtures were stirred for 2 h at room 

temperature. After stirred, the sorbents were filtrated, and the final Cd2+,  Cr3+,  Zn2+, 
and Pb2+ ions concentrations were determined using FAAS. 

 

 

 

 



 

 

CHAPTER 4 

RESULTS AND DISCUSSION  

Part 1 Preparation of magnetic composites of mesoporous silica 

4.1 Characterization of MCM-48, SBA-15 and functionalized MNPs-MCM-48, 

MNPs-SBA-15 

4.1.1 X-ray diffraction 

The confirmation of crystalline MCM-48,  SBA-15,  MNPs@MCM-48,  and 

MNPs@SBA-15 phases obtained was done using an X-ray diffractometer. The low and 

high angle XRD patterns of sorbents were attributed to the peaks of the mesoporous 

materials and the magnetic nanoparticles, respectively. 

 

 

Figure 4.1 X-ray diffraction pattern of MCM-48. 

The XRD pattern of MCM-48 ( Figure 4.1)  showed a dominant ( 211)  and 

weaker (220), (420) and (332)   reflections in low diffraction angle region (2-theta = 2-

8 degree) . The pattern was attributed to the three-dimensional mesostructures with an 

Ia3d cubic space group [47]. 
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Figure 4.2 X-ray diffraction pattern of SBA-15. 

The XRD pattern of SBA-15 ( Figure 4.2 )  showed a parent peak ( 10 0 )   and 

weak peaks ( 1 10 ) ,  ( 200 )  in low diffraction angle region ( 2 - theta = 2-8 degree) 

attributing to the two-dimensional hexagonal mesostructures (Figure 4.2) [16]. 

 

Figure 4.3 X-ray diffraction pattern of MNPs. 
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The XRD pattern of MNPs (Figure 4.3) was observed in high diffraction angle 

region ( 2 - theta = 20-80 degree)  and showed diffraction peaks at around 30.4,  35.8, 

43.5,  53.8,  57.5,  63 degree. It indicates that structure of the MNPs is crystalline phase 

of Fe3O4
  (JCPDS Card No. 19–0629) [48]. 

 

Figure 4.4 X-ray diffraction patterns of MCM-48 and MNPs@MCM-48. 

 
 

Figure 4.5 X-ray diffraction patterns of SBA-15 and MNPs@SBA-15. 
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Figure 4.6 X-ray diffraction patterns of MNPs, MNPs@MCM-48 and  

MNPs@SBA-15 

MNPs@MCM-48 and MNPs@SBA-15 were synthesized and the phases 

obtained were also determined using an X-ray diffractometer. In low diffraction angle 

region (2-theta = 2-8 degree) the XRD pattern of MNPs@MCM-48, MNPs@SBA-15 

also showed (211), (220), (420), (332) reflections, and (100), (110), (200) reflections 

with lower intensity compared to MCM-48 and SBA-15 ( Figure 4. 4  and 4 . 5 ) , 

respectively. This result indicated that MNPs@MCM-48 and MNPs@SBA-15 still 

maintain the cubic and hexagonal structures after loading of magnetic nanoparticles 

into mesoporous silica. In high diffraction angle region ( 2 theta = 20-70 degree) , the 

XRD patterns of MNPs@MCM-48 and MNPs@SBA-15 ( Figure 4.6 )  also showed 

diffraction peaks at around 30.4,  35.8,  43.5,  53.8,  57.5,  63 degree indicating the 

existence of MNPs crystalline structure.  

XRD patterns of MNPs@MCM-48 and MNPs@SBA-15 showed that the 
mesoporous materials contained magnetic nanoparticles in their structures. Therefore, 

the composites should inherit the ferrimagnetic properties of strong magnetic attraction 

to a magnetic field. 

Moreover, we demonstrated that the magnetic nanoparticle-mesoporous silica 

composites exhibited magnetic responses and could be completely separated from 

water within 60 min under an external magnetic field as shown in Figure 4.7 

 

 

 



 

 

29 

 

 

Figure 4.7 Photographs of magnetic responses of a) MNPs, b) MNPs@MCM-

48 in solution before a magnetic field applied, c)  MNPs@MCM-48 in solution after a 

magnetic field applied for 60 min,  d)  MNPs@SBA-15 in solution before a magnetic 

field applied, e) MNPs@SBA-15 in solution after a magnetic field applied for 60 min.  

 

  

e
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MNPs were added to MCM-48 and SBA-15 with 60 weight percent of MCM-

48 and SBA-15. 10 mg of MNPs@MCM-48 and MNPs@SBA-15 were extracted using 

aqua regia to determine the amount of the magnetic particles on the MNPs@MCM-48 

and MNPs@SBA-15. The final concentrations of Fe in the extracted solutions were 

determined by FAAS.  

The observed amount of the magnetic particles in the MNPs@MCM-48 and 

MNPs@SBA-15 were calculated according to Eq.(4.1) and Eq.(4.2) 

 

4.1) 

 

4.2) 

From the calculation based on FAAS, the quantity of the MNP particles in the 

MNPs@MCM-48 and MNPs@SBA-15 were 0.943 mmol/g and 1.06 mmol/g, 

respectively which were calculated as percent by weight of MNPs composite were 

21.84 % and 24.56 %, respectively, according to Eq.(4.3)  

 

4.3) 
The quantity of the magnetic nanoparticles in MNPs@SBA-15 was slightly 

higher than MNPs@MCM-48 likely due to the larger pore sizes of SBA-15 than MCM-

48 resulting in better dispersibility of MNPs into the pores of SBA-15. 

 

 

4.1.2 FT-IR spectroscopy 

The surfaces of the mesoporous silica before and after functionalization were 

characterized by FT-IR. The features of the MCM-48 and SBA-15 are a broad band 

between 3400 and 3200 cm-1 for the O-H bond stretching of the surface silanol group, 

signals at 1233 and 1079 cm-1 for Si-O-Si stretching and signals at 962 and 804 cm-1 

for Si-O stretching (Figure 4.8) [49]. 

𝑚𝑚𝑜𝑙 𝐹𝑒 = 𝐹𝑒 𝑐𝑜𝑛𝑐.
𝑚𝑔

𝐿
 ×

1 𝐿

1000 𝑚𝐿
 × 𝑉 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐. 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  𝑚𝐿 ×

1

𝑀𝑊 𝑜𝑓 𝐹𝑒 (𝑚𝑔)
   

% 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 =  
𝑚𝑛𝑛𝑜𝑙 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

𝑔 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
×

0.001 𝑚𝑜𝑙 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

1 𝑚𝑚𝑜𝑙 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒
×

𝑀𝑊 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

1 𝑚𝑜𝑙 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒
× 100 
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Figure 4.8 FT-IR spectra of a) SBA-15, b) MCM-48. 

 

For the modified SH-MNP@MCM-48,  SH-MNP@SBA-15,  DETA-

MNP@MCM-48, and DETA -MNP@SBA-15, the spectra showed C-H stretching 

signals at 2800-3000 cm-1, 2400-2600 cm-1 for the thiol group [50]. However, for 3400 

cm-1 of the amino group, which overlapped with O-H stretching, it cannot be clearly 

proved that the group attached on the surface (Figures 4.9 and 4.10). 

 

 

Figure 4.9 FT-IR spectra of a) MCM-48, b) DETA-MNPs@MCM-48 

and c) SH-MNPs@MCM-48. 

a) 

b) 
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a) 

 

Figure 4.10 FT-IR spectra of a) SBA-15, b) DETA-MNPs@SBA-15  

and c) SH-MNPs@SBA-15. 

 

The FT-IR spectra of AMTP-MNPs@MCM-48 and AMTP-MNPs@SBA-15 

showed methylene group signals at 2934 and 2853 cm-1, the amide C=O stretch signals 

at 1686 cm-1 and the bending vibration at 1544 cm-1, indicating the formation of amide 

groups onto the surface. For amino group and thiol group, the confirmative signals 

cannot be observed because signals of amino group overlapped with O-H stretching, 

and thiol groups showed weak signal around 2550-2600 cm-1 [51] ( Figures 4.11 and 

4.12). 

 

 

Figure 4.11 FT-IR spectra of a) MCM-48, b) AMTP-MNPs@MCM-48. 



 

 

33 

 

Figure 4.12 FT-IR spectra of a) SBA-15, b) AMTP-MNPs@SBA-15. 

 

In order to confirm the existence of amino and thiol groups on the NH2- and 

SH-modified mesoporous silica, ninhydrin test and Ellman test were used.  

 

 

 

 

4.1.3 Ellman test  

 For FT-IR spectra thiol groups in the magnetic nanoparticle-mesoporous silica  

composites were not observed in the wavenumber about 2550-2600 cm-1. Ellman test 

method was used to confirm the thiol group in the samples. After the DTNB working 

solution was added to the thiol-functionalized magnetic nanoparticle-mesoporous silica 

composites. The yellow color was observed in the mixtures containing SH-modified 

mesoporous silica indicating that the TNB2- molecule was released from free sulfhydryl 

groups on 2-aminothiophenol. For MCM-48 and SBA-15, the yellow color was not 

observed in the mixtures as MCM-48 and SBA-15 do not contain free sulfhydryl in 

their molecules (Table 4.1). 
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Table 4.1 Results for Ellman test of MNPs@mesoporous silica and the thiol-

functionalized magnetic nanoparticle-mesoporous silica composites 

 

 

 

 

 

 

 

4.1.4 Ninhydrin test 

Ninhydrin test was used to confirm NH2 group on MCM-48,  SBA-15, 

DETA@MCM-48, DETA@SBA-15, AMTP@MCM-48, and AMTP@SBA-15. In the 

studies, magnetite nanoparticles were not loaded into the functionalized mesoporous 

materials in order to avoid the false interpretation from the color of the MNPs. The 

mixture of samples and ninhydrin were heated, and the purple on the samples were 

observed ( Figure 4.14) . The results showed that MCM-48 and SBA-15 were not 

observed to change to purple indicating that MCM-48 and SBA-15 did not contain 

amino groups on their surface. In contrast, for DETA@MCM-48,  DETA@SBA-15, 

AMTP@MCM-48 and AMTP@SBA-15, the purple color can be observed on the spots 

of dried samples, with more intense purple on DETA@MCM-48 and DETA@SBA-15 

than AMTP@MCM-48 and AMTP@SBA-15. This observation is likely due to the fact 

that there were more amino groups on DETA than 2-aminothiphenol or the DETA could 

be coated with better efficiency. The observation from ninhydrin suggested that the 

materials were successfully functionalized with DETA and AMTP ligands (Table 4.2) 
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Table 4.2 Results for ninhydrin test of MNPs@mesoporous silica and the 

functionalized-MNPs@mesoporous silica. 

 

 

 

 

 

 

 

 

 

4.1.5 Surface area analysis 

Nitrogen adsorption-desorption analysis was used to study the surface area of 

the composites. Isotherms of nitrogen adsorption on MCM-48,  SBA-15 and 

functionalized MNPsMCM-48 and MNPs-SBA-15 were classified as Type IV, 

confirming their mesoporous nature. The adsorption-desorption isotherms data were 

used to calculate the specific surface area by BET method (SBET) and average pore 

diameter as shown in Table 4.3. 
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Figure 4.13 Adsorption isotherms of a) MCM-48, b) DETA-MNPs@MCM-48 
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Figure 4.14 Adsorption isotherms of c) SH-MNPs MCM-48, d) AMTP-

MNPs@MCM-48 
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Figure 4.14 Adsorption isotherms of a) SBA-15, b) DETA-MNPs@SBA-15 
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Figure 4.15 Adsorption isotherms of c) SH-MNPs SBA-15, d) AMTP-MNPs@SBA-

15 
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Table 4.3 Surface area and pore diameter of the materials. 

 

 

Table 4.3 indicated that the surface area of MCM-48 was 1145 m2 /g, which 

was greater than that of SBA-15 ( 76 0  m2 /g) , because MCM-48 materials have three-

dimensional cubic structure. In other words, MCM-48 has interconnecting pore in the 

cubic structure, so MCM-48 materials have a high surface area when compared with 

the unidirectional pore SBA-15. For comparison of pore diameter between unmodified 

MCM-48 and SBA-15, the adsorption isotherm of SBA-15 showed a broad hysteresis 

loop indicating that SBA-15 contained pores of different sizes and shapes. In contrast, 

MCM-48 does not show any hysteresis loop resulting from the fact that SBA-15 has 

larger pore diameter when compared with MCM-48 [11]. Also, the isotherms of MCM-

48 and SBA-15 showed a sharp increase at a relative pressure between p/p0 = 0.10-0.32 
and 0.3-0.7, respectively, indicating that the filling nitrogen in the channels was mainly 

from capillary condensation.   

For the functionalized-MNPs-MCM-48 and MNPs-SBA-15,  the amount of 

adsorbed nitrogen decreased and a value of relative pressure of the functionalized 

MNPs-MCM-48 and MNPs-MCM-48 were shifted down from MCM-48 and SBA-15 

(Figure 4.13-4.14). Moreover, the surface area and pore diameter of the functionalized 

MNPs-MCM-48 and MNPs-SBA-15 exhibited lower specific surface area and pore 

size after modification with ligands ( Table 4.3) . These results implied that the pore 

plugging slightly occurred, and the surface area of functionalized MNPs-MCM-48 and 

MNPs-SBA-15 were modified or grafted by ligands. After modification with ligands, 
the surface area of functionalized MNPs@SBA-15 affected more than the surface area 

of functionalized MNPs-MCM-48 most likely because the pore sizes of SBA-15 are 

larger than MCM-48. As a result, and the ligand molecule could move into the pore and 

be grafted in the internal surface of SBA-15, while MCM-48 with the smaller pore sizes 

could inhibit the entering of ligands into the pores.  
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4.1.6 Morphology of nanocomposites by scanning electron microscopy (SEM) 

Scanning electron microscopy images of MCM-48, SBA-15, MNPs@MCM-

48 and MNPs@SBA-15 are shown in Figures 4.15-4.16.  

The scanning electron microscope (SEM) images of pure silica MCM-48 

revealed the shapes of spherical particles with 181±36 nm in diameter. The surface of 

MCM-48 particles are homogeneous, and an increase in surface roughness on 

MNPs@MCM-48 observed after the particles were loaded by MNPs, while the particle 

size of MNPs@MCM-48 was increased to 291±34 nm in diameter. This result may be 

attributed to the deposition of MNP particles on the surface of the MCM-48. 

The scanning electron microscope (SEM) images of pure silica SBA-15 

exhibited homogeneous rod-like shapes. The surface of MNPs@SBA-15 particles was 

also rougher when compared with SBA-15, and the size of SBA-15 increase from 

702±119 nm to 880±121 nm in diameter after the particles were loaded by MNPs. These 

results may indicate that the MNPs particles experienced some aggregations on the 

SBA-15 materials. 

These results may indicate that the MNPs particles experienced some 

aggregations on the mesoporous materials. From the images, it was confirmed that 

mesoporous silica and magnetic nanoparticles coexisted on the external surface area of 

the nanocomposites.  

 

 

Figure 4.16 SEM images of a) MCM-48 and b) MNPs@MCM-48. 

 

 

 

 



 

 

42 

 

Figure 4.17 SEM images of a) SBA-15 and b) MNPs@MCM-48. 

 

4.1.7 Morphology by transmission electron microscopy (TEM) 

Transmission electron microscopy of MCM-48,  SBA-15,  MNP@MCM-48 

and MNP@SBA-15 are shown in Figures 4.17 and 4.18. 

 

 

Figure 4.18 TEM images of a) MCM-48 and b) MNPs@MCM-48. 
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Figure 4.19 TEM images of a) SBA-15 and b) MNPs@SBA-15. 

 

The transmission electron microscopy ( TEM)  images of pure MCM-48 

showed the highly ordered cubic pore structure with cylindrical radial pores. After the 

MNPs were loaded onto the MCM-48, all of MNPs particles stayed as separate 

nanoparticles and appeared as dark spots inside the pore channels with good dispersity. 

Upon modification with MNPs, the highly ordered three-dimensional cubic 

mesoporous structure of MCM-48 was still observed. 

The TEM images of pure silica SBA-15 showed the hexagonal array and well-

ordered parallel nanotubular pores. The TEM images of MNPs@SBA-15 depicted that 

the MNPs also appeared as dark spots inside the pore channels and the structural 

ordering was still maintained after the incorporation of MNPs into SBA-15 composites.  

The Fe3O4 nanoparticles were observed as nearly spherical particles with an 

average size of 10 nm. The distribution of MNPs in SBA-15 was more dispersed in the 

mesoporous structure than MNPs@MCM-48 due to the larger pore size of SBA-15 

resulting in less hindrance from pore blocking for the MNPs to move inside the pore 

structure of SBA-15. 

 

 

 

4.2 Lead Adsorption Study 

4.2.1 Preliminary study  

The functionalized MNPs-MCM-48 and MNPs-SBA-15 were studied for the 

removal of Pb( II)  ion in 25 mL Pb(II) solution at 30 °C by a batch operation. The pH 

of lead solution was adjusted to pH 5  in order to test adsorption efficiency in each 

batch. 20 mg functionalized MNPs-MCM-48 and MNPs-SBA-15 were added to 400 

mg/L Pb(II) solution for 2 h. The adsorption capacity and removal efficiency of the 

functionalized MNPs-MCM-48 and MNPs-SBA-15 are shown in Table 4.4. 
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Table 4.4 Adsorption capacity of the functionalized MNPs-MCM-48 and MNPs-SBA-

15 at 400 mg/L. 

 

The results indicated that the MNPs-MCM-48 and MNPs-SBA-15 modified 

with dietyl- enetriamine and 2-aminothiphenol performed as good sorbents for removal 

of lead (II) ion in solution. For dietylenetriamine containing two primary and one 

secondary amine groups can coordinate to lead (II) ion with nitrogen atom of each 

amine group, in the trivalent fashion, the chelating effects could play an important role 

in the stability of the DETA-Pb(II) complexes. On the contrary, 2-aminothiphenol 

contains only one thiol group and one amino group in a molecule resulting in the less 

adsorption efficiency of lead ion comparing to dietylenetriamine.  For MPTMS ligand, 

which contains only one thiol group in a molecule, the adsorption efficiency of the 

materials was the least. This observation indicated that the hardness and softness in 

basicity of the ligands affects the adsorption capacity less than the number of binding 

atoms in a ligand.  

Moreover, types of mesoporous materials have strong effects on the adsorption 

efficiency. When modified with the same ligands,  MCM-48 performed as the better 

support materials likely due to large surface area and good pore direction with 3D 

dimensional pore system of MCM-48.SBA-15 possessed less surface area to modified 

with ligands comparing with MCM-48 leading to lower adsorption capacity. 

From the preliminary results above, later on in this work, MCM-48 was chosen 

as support materials. MCM-48 modified with DETA and AMTP ligands was used to 

investigate the effects of the initial lead concentration,  adsorption time and pH on the 

adsorption efficiency.  

The reusability of the composites and the effect of foreign ions in Pb(II) 

removal were also investigated on the DETA-MNPs@MCM-48 and AMTP-

MNPs@MCM-48. The stabilities of the two sorbents were also studied using thermal 

gravimetric analysis. 
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4.2.2 Thermogravimetric analysis (TGA) 

 

Figure 4.20 TGA curves of a) MCM-48 b) DETA-MNPs@MCM-48  

and c) AMTP-MNPs@MCM-48. 

 

From the results from TGA results, it was observed for the MCM-48 that the 

first weight loss peaks appeared below 100 °C which are attributed to the volatilization 

of the physically adsorbed H2O and residual solvents and the MCM-48 could remain 

stable upon heating to 800 °C. For DETA-MNPs@MCM-48, however, there were two 

distinct weight loss. The first weight loss peaks around 200 °C might be due to the 

removal of ethanol compounds, and the second loss observed above 450 °C was likely 

from the decomposition of amine chains present in the silane  compounds and 

degradation of amine compounds [52-54]. For AMTP-MNPs@MCM-48,  there are 

three stages of weight loss. The first weight loss peaks appeared around 100 °C and 150 

°C was due to moisture content in the samples and residual solvent. The loss at 375 °C 

was attributed to the decomposition of amine and thiol groups [55], and at 550 °C was 

attributed to decomposition of phenol and carbonyl groups [56, 57]. 
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4.2.3 Effect of initial concentration of Pb(II) ion 

Batch sorption experiments were performed at room temperature at pH 5.  

The initial concentration of lead solution was observed at the initial concentration of 

Pb(II) solution of 10, 50, 100, 200, 300, 400, 500 mg/L with contact time of 2 h. 

 

 

 

 

Figure 4.21 Effect of initial lead concentration on adsorption capacity of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 in the lead removal. 
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Figure 4.22 Effect of initial lead concentration on removal efficiency of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 in the lead removal.  

The results showed that DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-

48 ( Figures 4.20-4.21)  exhibited high adsorption efficiency. The sorption of lead 

increased with the increase in the initial lead concentration from 10-100 ppm. The 

maximum capacity of DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 were 

202.13 mg/g at 200 mg/L lead solution and 125.00 mg/g at 100 mg/L lead solution, 
respectively. The removal efficiency of DETA-MNPs@MCM-48 and AMTP-

MNPs@MCM-48 reached 100% at low initial concentration. However at higher initial 

lead concentration (>100 ppm), the removal efficiency decreases as the concentration 

of lead ion in solution reaches equilibrium due to saturation of binding sites of DETA 

and AMTP in the sorbents. 

 

4.2.4 Adsorption isotherms  

The data of Pb(II) adsorption were used to study the sorption isotherms of the 

sorbent materials. Linear plotting of the Langmuir isotherm was based on the 

assumption that each site can hold only one molecule. In other words, the Langmuir 

isotherm was calculated using adsorption in monolayer fashion only, while Freundlich 

model was used to describe on heterogeneous systems. The Freundlich isotherm was 

based on different sites with several adsorption energies are involved. The adsorption 

isotherms were studied at the initial Pb(II) concentration of 200-500 mg/L,  pH 5.0,  

adsorbent dose of 20 mg : 25 mL of lead solution, and contact time for 2 h. 
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The Langmuir isotherm can be calculated using a linear form as shown in Eq 4.4. 

 

 
4.4) 

qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g), and 

Ce = the equilibrium concentration of adsorbate (mg L-1). The maximum adsorption 

capacit can be calculated from slope of the linear equation form (Eq 4.4). 

 

 

Figure 4.23 The Langmuir isotherm for Pb(II) sorption using DETA-MNPs@MCM-

48. 
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Figure 4.24 The Langmuir isotherm for Pb(II) sorption using AMTP-MNPs@MCM-

48. 

The Freundlich isotherm can be calculated with a linear form as shown in Eq. 

4.5 as shown below 

 

4.5) 

where qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium 

(mg/g) and Ce = the equilibrium concentration of adsorbate (mg L-1).  

 

 

Figure 4.25 The Freundlich isotherm for Pb(II) sorption by DETA-MNPs@MCM-48. 
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Figure 4.26 The Freundlich isotherm for Pb(II) sorption by AMTP-MNPs@MCM-48. 

From the calculations, it could be implied that the Langmuir sorption model 

( Figure 4.24-4.25)  matched better with the sorption behavior of the mesoporous 

adsorbents as the correlation coefficients value of the Langmuir isotherm of DETA-

MNPs@MCM-48(R2>0.99)  and AMTP-MNPs@MCM-48 (R2>0.98)  are better than 

the Freundlich isotherm ( Figure 4.26 -4.27 )  of DETA-MNPs@MCM-48( R2>0.3449) 

and AMTP-MNPs@MCM-48 ( R2>0.0044) .   Maximum capacities of Pb(II) sorption 

by DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 were 172.43 mg/g and 

108.69 mg/g, respectively, which is very close to the maximum adsorption capacities 

observed from the experiment on the effect of initial concentration of Pb (II) ion. 

 

4.2.5. Effect of pH of Pb(II) ions solution 

The experiments were conducted using 20 mg of DETA-MNPs@MCM-48 

and AMTP-MNPs@MCM-48 added to 25 mL of  lead solution of 100 mg/L. The 

experiments were performed at room temperature for 3 h. The pH of solution was varied 

at 1, 3, and 5. as shown in Figure 4.28 and Figure 4.29. 
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Figure 4 27 Effect of  pH on lead adsorption capacity of DETA-MNPs@MCM-48 and 

AMTP-MNPs@MCM-48.  

 

 

 

 

Figure 4.28 Effect of pH on lead ion removal efficiency of DETA-MNPs@MCM-48 

and AMTP-MNPs@MCM-48. 
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The results indicated that the adsorption capacity and removal efficiency of 

DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 increase with the increase of 

pH. At low pH,  proton in acid solution can protonate binding sites of the chelating 

molecules. The surface of DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 was 

covered by protonated form of the corresponding functional groups. In other words, the 

number of positively charged sites increased due to protonation in acidic environment. 

The decrease in adsorption efficiency and removal at lower pH may indicate that lead 

ions have to compete with proton to come in active sites of the sorbents. When solution 

became more basic,  the corresponding functional groups on surface of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 were more deprotonated and became 

more negatively charged. Moreover, at higher pH, there were less competing proton for 

lead ions sorption on the active sites, the maximum capacity and the removal efficiency 

increased. For the lead solution with pH > 5, the sorption efficiency was decreased, and 

the accurate value cannot be determined with reliability due to the precipitation of 

Pb(OH)2 at high pH [58]. The optimum for the highest adsorption of Pb(II) with DETA-

MNPs @MCM-48 and AMTP-MNPs@MCM-48 were obtained at room temperature 

under pH 5 conditions where less protonation onto functional groups and no 

precipitation of the lead hydroxide, which could occur at high pH (pH > 5). 

4.2.6. Effect of contact time of Pb(II) ions solutions 

The lead removal in 100 mg/L lead solution at different time intervals ( 15 to 

240 min) on DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48. 20 mg of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 was added to lead solution at 30 °C 

with fixed pH at 5. 

 

 

Figure 4.29 Effect of contact time on lead adsorption capacity of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48. 
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Figure 4.30 Effect of contact time on lead removal efficiency of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48. 

For the effect of contact time ( Figures 4.30-4.31)  for the adsorption of lead 

ion using DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48, the results showed 

that the adsorption capacity and % removal efficiency increased with time until 

reaching the equilibrium of lead adsorption within 2 h. The results indicated that in the 

time ranging from 15 min to 2 h, DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-

48 showed a good adsorption capacity and fast kinetics likely because at the starting 

point the sorbents have a large number of active sites for metal-binding on the sorbent 

surface. In other words, DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 have 

more adsorption appeared with more active sites available within 2 h. The equilibrium 

was reached after 2 h indicating the saturation of active sites in sorbents. 

 

4.2.7 Effect of foreign ions in Pb(II) removal operation 

20 mg of DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 was added 

into 25 mL of mixture containing Pb2+ and one of the foreign ions, Zn2+, Cd2+, or Cr3+, 

where the concentrations of each of metal ion are 100 mg/L with contact time 2 h as 

shown in Figure 4.32.  
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Figure 4.31 Selective adsorption of Pb(II) on DETA-MNPs@MCM-48 and AMTP-

MNPs@MCM-48. (sorbants = 20 mg, pH = 5, T = 30 °C, t = 120 min). 

 

The results showed that the removal lead ions efficiency of DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 still have been found to be 100% 

while DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 could remove the other 

metal ions less than 30%. It can be indicated that DETA-MNPs@MCM-48 and AMTP-

MNPs@MCM-48 exhibited good adsorption efficiency and selectivity to remove lead 

in the mixture containing the other metal ions with a large quantity of competing metal 

ions in the solution. The selectivity toward the adsorption of Pb2+ possibly because pore 

sizes of both adsorbents and the active biding sites of the ligands inside the pore may 

be specific to allow entrance of lead ion more than other metals in combination with 

preference based on Hard-Soft Acid-Base theory. 

 

4.2.8. Reusability of the DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 

20 mg of DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 were 

regenerated by washing with 10 mL of 1 M HCl and DI water for 1 h. The used sorbents 
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were dried at ambient temperature and was reused after regeneration as shown in Figure 

4.33 and 4.44. 

 

 

Figure 4.32 Reusability studies of the DETA-MNPs@MCM-48  adsorbent in several 

cycles.  

 

 

Figure 4.33 Reusability studies of the AMTP-MNPs@MCM-48 adsorbent in several 

cycles. 
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The results showed that the first and second cycles of DETA-MNPs@MCM-

48 had a good performance of the sorbent, while more than 30% metal ion removal was 

achieved in the third cycles. For the fourth cycle of AMTP-MNPs@MCM-48, the 

removal efficiency went down to 51.13%. Therefore, the regeneration ability of heavy 

metal ion was not very effective using the current method because DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 could not release lead ion from the 

functional groups on their surface when the DETA-MNPs@MCM-48 and AMTP-

MNPs@MCM-48 were used in fourth and third cycles, respectively. The DETA-

MNPs@MCM-48 and AMTP-MNPs@MCM-48 can be reused efficiently in that the 

sorbents could be used for at first cycles without significant change in the removal 

efficiency. 



 

 

CHAPTER 5 

CONCLUSION 

MNPs@MCM-48 and MNPs@SBA-15 were prepared by combining 

mesoporous silicas and magnetic nanoparticles. The results from X-ray diffractometer 

(XRD), surface area analyzer, scanning electron microscope (SEM), and transmission 

electron microscope ( TEM)  confirmed that MNPs@MCM-48 and MNPs@SBA-15 

composites were successfully prepared. MNPs@MCM-48 and MNPs@SBA-15 were 

modified with various ligands to improve lead adsorption efficiency. The 

functionalized-MNPs@MCM-48 and MNPs@SBA-15 were characterized using 

Fourier transforms infrared ( FT-IR)  spectrometer. In combination with FTIR, Ellman 

test and Ninhydrin test were used to confirm thiol group and amino group in the 

functionalized-MNPs@MCM-48 and MNPs@SBA-15. From the results, it was 

indicated that MNPs@MCM-48 and MNPs@SBA-15 composites were successfully 

modified. 

From the results of lead adsorption from initial studies, DETA-MNPs@MCM-

48 and ATP-MNPs@MCM-48 were chosen to be investigated in the removal of lead 

ions in aqueous solutions using batch operations. DETA-MNPs@MCM-48 and ATP-

MNPs@MCM-48 were studied by thermogravimetric analysis (TGA)  to confirm the 

thermal stability before adsorption test. The initial concentrations,  adsorption 

isotherms, effect of contact time and effect of pH of lead solution were studied and the 

optimal conditions of using DETA-MNPs@MCM-48 and ATP-MNPs@ MCM-48 in 

adsorption of lead ions are showed in Table 5.1 and 5.2 

 

Table 5.1 The adsorption behavior of DETA-MNPs@MCM-48 and optimal conditions 

for the removal of lead ions 
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Table 5.2 The adsorption behavior of ATP-MNPs@MCM-48 and and optimal 

conditions for the removal of lead ions  

 

 

 

From the results, it was shown that the adsorption of lead ions onto DETA-

MNPs@MCM-48 showed much higher efficiency in lead adsorption than ATP-

MNPs@ MCM-48. The adsorption likely occurs mainly via coordination between –

NH2 and –SH groups of the functionalized-MNPs@MCM-48 and lead ions in solutions 

and could be explained by HSAB theory and chelating effect. 

DETA-MNPs@MCM-48 and ATP-MNPs@ MCM-48 showed a good lead 

removal efficiency in the mixture containing Pb2+ and either Cd2+,  Cr3+,  or Zn2+ ions, 

as the removal efficiency reach 100% in the conditions studied. The adsorbents could 

be regenerated using 1 M HCl as the eluent of lead ions in the used sorbents. The 

DETA-MNPs@MCM-48 and AMTP-MNPs@MCM-48 can be reused limitedly, as the 

sorbents could be used for in the second cycle with slight changes in the removal 

efficiency and adsorption capacity. 

 

Suggestion of future work 

- Various mesoporous silicas with the same ligands should be studied in more 

detail to find the best supporting materials for better performance in the 

adsorption applications. 

- The number of reused cycle and the type of eluents should be investigated to 

improve the lead removal efficiency in the used sorbents.
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