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CHAPTER  Ι    

  

INTRODUCTION 

 
1.1 Statement of the problem 

 The industries in Thailand that use mercury in production are divided into six 

types such as petroleum industry, chlorine and caustic soda industry, metal fused 

industry, pharmaceutical products industry, paper and pulp industry, paint industry and 

plastic industry. These industries are important for the economy of the country but they 

could also cause environmental problems especially water pollution. The contamination 

of heavy metals, in particular mercury in water is one of the problems concerned [1]. 

These heavy metals in water are harmful towards human life, animals and plant. 

 Mercury is a highly toxic substance and the major effects of mercury poisoning 

manifest as neurological and renal disturbances as it can easily pass the blood–brain 

barrier and affect the foetal brain. High concentration of Hg(II) causes impairment of 

pulmonary function and kidney, chest pain and dyspnousea [2]. Minamata disease caused 

by mercury can cause brain damage and death. The previous research reported the 

contamination of mercury in seawater in Thai gulf region [3]. Eastern Marine Fisheries 

Research and Development Center, Department of fisheries, reported that the amount of 

mercury in seawater in the eastern of Thai gulf between 1990-1999 at Rayong to Trad 

province contained 0.001-0.02 mg/L mercury in average, in particular at Mabtapud 

industrial park (0.001-0.07 mg/L) and at the middle of Thai gulf (0.001-0.07 mg/L). Since 

1996, petroleum development project assigned that in the exploration, drilling oil and 

natural gas, the release and contamination of heavy metals, especially mercury is to be 

monitored in all three processes i.e. exploration, drilling and production [4]. Furthermore, 

all six industries that use mercury in production have to follow after the quality audition 

for contamination of mercury in seawater and accumulative toxin in aquatic animals.  

To prevent a human from the danger of the contaminated mercury and the 

accumulation of mercury in an environment, the government released the law to control 

the mercury quantity in wastewater. In USA, the standard of USA’s Environmental 

Protection Agency (USEPA) states that wastewater from petroleum production activities 

must not have the contaminated mercury higher than 1.8 mg/L. The industrial factory in 

Thailand must have criterion to remove mercury in wastewater from the factory before 
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direct releasing to a river or the ocean. The Ministry of Industry of Thailand announced 

the regulation for controlling of toxicity of the treated waste. The level of mercury has to 

be controlled must not be more than 5 μg/L for wastewater and 1 μg/L for drink water 

[5,6]. If the concentration of mercury from the wastewater has higher than the regulatory 

level, the waste will be categorized as the hazard wastewater which must retreat before 

the disposal. The method widely used for the determination of mercury concentrations is 

cold vapor atomic absorption spectrometry (CVAAS), due to its good accuracy and 

precision, high sensitivity and good selectivity [7]. This method is often chosen for 

comparing of the mercury concentration before and after treating the samples with 

wastewater.  

 Several methods have been used to remove heavy metals from wastewater, such 

as ion exchange, coagulation, chemical precipitation, solvent extraction and adsorption on 

various adsorbents [8]. One of which, adsorption is an efficient method and widely used 

to remove metals from effluent. In recent years, various adsorbents have been 

investigated, e.g. zeolites, silica gel, polymer bead, and clay minerals [8-14]. Many 

adsorbents for mercury ions showed several drawbacks like low mechanical and thermal 

stability and weak chemical affinity [8,14]. Mobil Crystalline Material-41 (MCM-41) has 

drawn a lot of interest due to its uniform structure and high surface area and the surface 

can be easily modified. Three methods of functionalization were used: (i) conventional 

hydrothermal templated sol-gel method, (ii) original stepped template sol-gel method and 

(iii) grafting method [15-18]. The attaching of ligand to MCM-41 is functionalization 

which is the ligand-MCM-41chemically bonded by attachment of silicane group with 

Si-O group, Si-O-Si group or –OH group of MCM-41. The ligand part is important for 

the extraction or chelation with the metal ions. It provides the binding site to form a 

complex with a metal ion. The affinity of mercury and ligand can be attributed to the type 

of donor atoms (hard or soft), oxidation state of the metal ion, the amounts of ligand and 

the metal atom, and pH of the solvent system. Sulfur-containing functional group (e.g. 3-

mercaptopropyltrimethoxysilane, MPTMS) was chosen for surface modification to 

improve the affinity towards mercury ions [19]. 

 This research focuses on the synthesis and characterization of 3-mercaptopropyl 

functionalized MCM-41 using three synthesis methods; the conventional hydrothermal 

templated sol-gel technology, the original stepped template sol-gel technology and the 
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grafting method followed by the studies of the effect of various parameters that operated 

in the process of quantitative adsorption of mercury. 

 

1.2 Objectives of the thesis 

  

 The objectives of thesis can be summarized as following: 

1. To synthesize and characterize 3-mercaptopropyl functionalized MCM-41. 

2. To study mercury removal performance of the 3-mercaptopropyl functionalized 

MCM-41 synthesized by the optimum method. 

 
1.3 Scope of the thesis 

  

 The scope of this research was firstly synthesis of 3-mercaptopropyl 

functionalized MCM-41 using three synthesis methods; (i) conventional hydrothermal 

templated sol-gel method, (ii) original stepped template sol-gel method and (iii) grafting 

method (normal MCM-41 prepared from (i) and (ii)). In the synthesis of  3-mercapto 

propyl functionalized MCM-41, the optimum adding amount of 3-mercaptopropyl 

trimethoxysilane was determined by varying the amount of MPTS added in the synthesis 

(i.e. 0 – 20 %mol of MPTMS / MPTMS + TEOS for the conventional hydrothermal 

templated sol-gel method and the original stepped template sol-gel method and 0 – 20 

mmol/g MCM-41 for grafting method). Secondly, the obtained products were 

characterized by X-ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR) 

and surface area analysis (Brunauer-Emmett-Teller analyzer, BET). In addition, the 

attached amount of 3-mercaptopropyl on the adsorbents were measured by thermo 

gravimetric analysis (TGA) to compare the adding efficiency of functional group from 

three synthesis methods, to evaluate the adding amount of 3-mercaptopropyltrimethoxy 

silane for preparing materials which have the equal amount of functional group on 

adsorbents, and to choose the best condition for the next synthesis.  

In the next step, the mercury ion adsorption efficiency of MCM-41 before and 

after surface modification was determined to find out the most appropriate conditions for 

synthesis. The amounts of mercury in solutions were measured by cold vapor atomic 

absorption spectrometry (CVAAS). The influence and factor effecting to the mercury ion 

absorption of functionalized MCM-41 were studied by using of the best obtained product 

from the best synthesis method. The factors that affect the adsorption were studied with 
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batch system i.e. the pH of solution, stirring time, the presence of foreign ions (NO3
-, 

SO4
2-, Cl-). The adsorption isotherms (Langmuir and Freundlich isotherm) were also 

studied. Finally, the reuse of 3-mercaptopropyl functionalized MCM-41 and the removal 

of mercury ion from refinery process wastewater were investigated. 

 

1.4 The benefits of this thesis 

  

 To obtain suitable synthesis method of 3-mercaptopropyl functionalized MCM-41 

and the adsorbents that could be used for removal of mercury (II) ions in wastewater. 

 



CHAPTER II 

 

THEORY AND LITERATURE REVIEWS 

 
2.1 Mobile crystalline material-41 (MCM-41) 

In 1992, scientists from Mobil Oil Corporation first synthesized ordered 

mesoporous materials of the M41s family, one of which was MCM-41 [15, 20]. Mobile 

Crystalline Material-41 (MCM-41) is a silicate obtained by a templating mechanism. This 

material occupies a porous composite consisting of hexagonal arranged channels with 

diameters varied from 1.5 to 10 nm. The walls of the channels are amorphous SiO2 [21]. 

MCM-41 has been used as adsorbents or catalysts in the varieties of processes. By 

changing the length of the template molecule, the width of the channels can be controlled 

to be within 2 to 10 nm. MCM-41 has attracted the attention because of its high specific 

surface area, high thermal and hydrothermal stability, possibility of controlling its pore 

size and its hydrophobicity and acidity. These characteristics have made MCM-41 a 

promising material as adsorbent, catalyst and/or support for use in industrial processes 

(e.g. adsorption, ion exchange) and environmental control [22]. MCM-41 is one of the 

members of mesoporous sieves which is one type of zeolite molecular sieves. In this 

study, MCM-41 was synthesized and modified with functional group for using as 

adsorbent for mercury. The classification or source of zeolite molecular sieves and 

background information of mesoporous materials should be studied before its application. 

 

2.1.1 Zeolite molecular sieves [23, 24] 

 Zeolites, a type of molecular sieves, are crystalline aluminosilicates of alkali and 

alkaline earth metals. They occur in nature and can also be obtained from synthesis. The 

properties of zeolites i.e. high surface area, high sorption, ion exchange, and high acidity 

have been exploited for their applications such as oil refining (as adsorbents and cracking 

catalysts), petrochemical industry, and synthesis of chemicals. 

Molecular sieves are porous materials that exhibit selective adsorption properties 

and are classified on the IUPAC definitions into three main types depending on their pore 

sizes; microporous material, mesoporous materials, and macroporous materials. 

Properties and examples of these materials are shown in Table 2.1. 
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Table 2.1 IUPAC Classification of porous materials 

Type of materials Pore size (nm) Examples 

microporous materials 

mesoporous materials 

macroporous materials 

< 2 

2 – 50 

> 50 

zeolites, activated carbon 

M4ls, SBA-15, pillared clays 

glasses 

 

2.1.2 Mesoporous materials [24-26] 

 Mesoporous materials are a type of molecular sieves, such as silica, or modified 

layered materials such as pillared clays and silicates. The discovery of the hexagonal 

MCM-41 gave rise to analogous mesoporous structures with different pore orientations 

such as MCM-48 (cubic) and MCM-50 (lamellar). The slightly different forms of 

mesoporous silica are FSM and HMS, both of which are hexagonal arrayed mesoporous 

silicates. In general, all compounds are referred to as M41s materials. MCM-41 has 

proven to be more stable and easier to synthesize than the cubic, lamellar structures and 

other forms [25]. It has uniform pore sizes ranged from 2 to 50 nm and has found great 

utility as catalysts and sorption media because of the regular arrays of uniform channels. 

Large surface area is desirable for enhancing the reactions. A typical feature of 

mesoporous materials is extremely high surface area because of their porosity and the 

surface area of mesoporous materials are in range of 200 – 1000 m2/g. In the case of 

MCM-41, it has surface area above 700 m2/g [15]. 

 

 2.1.2.1  Classification of mesoporous materials 

 Mesoporous materials can be classified by different synthetic procedures into 

three categories as described in Table 2.2. 
 
Table 2.2 Classification of mesoporous materials by synthesis procedure 

Assembly Template Media Material 

(a) Electrostatic 

(b) H-bonding 

(c) H-bonding 

quaternary ammonium salt 

primary amine 

amphiphilic triblock copolymer 

base or acid 

neutral 

acid (pH<2) 

MCM-41 

HMS 

SBA-15 

  

2.1.2.2 Synthetic strategies of mesoporous materials [26] 

In general, the synthesis of MCM-41 involves the use of a surfactant in aqueous 

solution. MCM-41 is generally obtained by hydrothermal crystallization. The surfactant is 
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used as a template around which a framework will form. The gel reaction of mesoporous 

materials usually contains cation (e.g. Si4+ of silicate materials, Al3+ of aluminate 

materials) to form the framework; anionic species (e.g. OH- or F-); organic template and 

solvent (generally water). Typically, the nature of template can be considered into two 

parts that are hydrophobic tail on the alkyl chain side and hydrophilic head on the other 

side. The examples of template used are primary, secondary, tertiary and quaternary 

amines, alcohols, crown or linear ethers, and polymer. An understanding of how organic 

molecules interact with each other and with the inorganic frameworks will increase the 

ability to design rational routes of synthesis of molecular sieve materials. The organic 

templates are frequently occluded in the pores of the synthesized material, contributing to 

the stability of mineral backbone. After that, the organic templates can be removed by 

extraction or calcination. 

 

 2.1.2.3 The behavior of surfactant molecules in an aqueous solution 

 In a simple binary system of water-surfactant, surfactant molecules, at a particular 

concentration can aggregate to form micelles of various types. The shapes of micelle 

strongly depend on the concentrations as shown in Fig. 2.1. 

  
Figure 2.1 Phase sequence of the surfactant-water binary system (a) spherical micelle, (b) 

rod-shaped micelle, (c) reverse micelle, (d) lamellar phase, and (e) hexagonal phase. 
 

 At low concentration, they energetically exist as isolated molecules. With 

increasing concentration, surfactant aggregate together to form isotropic spherical and rod 

shaped micelles by directing the hydrophobic tails inside and turning the hydrophilic 
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heads outside in order to decrease the system entropy. The initial concentration threshold 

at which those molecules aggregate to form isotropic micelle is called critical micelle 

concentration (CMC). The CMC determines thermodynamic stability of the micelles. 

When the concentration is continuously increased, the micellar shape changes from 

spherical or rod shape to hexagonal, lamellar, and inverse micelles. The particular phase 

present in a surfactant aqueous solution depends not only on the concentrations but also 

on the nature of surfactant molecules such as hydrophobic carbon chain length, 

hydrophilic head group, and counter ion. Moreover the ionic strength, pH value, and 

temperature including other additives are also the factors determining the shape of 

micelles. 

 
 2.1.2.4  Interaction between inorganic species and surfactant micelles [23, 27] 

 The major components of framework structure, mainly silicate, are present in 

aqueous solution as inorganic species. To acquire the desired structure, firstly the 

template forms the proper shape, and then the inorganic soluble species interact with the 

surfactant as shown in Table 2.3. The hybrid solids formed strongly depend on the 

interaction between surfactants and the inorganic precursors. 

 
Table 2.3 Examples of interactions between the surfactant and the inorganic soluble 

species 

Surfactant 

type 

Inorganic type Interaction type Example materials 

Cationic (S+) 

 

 

Anionic (S-) 

 

Neutral S0 or N0

I-

I+X-

I0F-

I+

I-M+

I0

I+X-

S+I-

S+X-I+

S+F-I0

S-I+

S-M+I-

S0I0 or N0I0

S0X-I+

MCM-41, MCM-48 

SBA-1, SBA-2, zinc phosphate 

silica 

Al, Mg, Mn, Ga 

alumina, zinc oxide, 

HMS, MSU-X, aluminum oxide 

SBA-15 

 
Sx or Nx      :  surfactant with charge of  x      F- :  fluoride anion 

Ix        :  inorganic species with charge of x         Mn+ :  with charge of n  

X-        :  halogenide anions 
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 In the case of ionic surfactant (S+ and S-), the hydrophilic head mainly binds with 

inorganic species through electrostatic interaction. There are two possible formation 

routes. Firstly, direct pathway: surfactant and inorganic species of which charges are 

opposite interact together directly (S+I- and S-I+). Another is the indirect pathway, 

occurring when the charges of surfactant and inorganic species are the same. The counter 

ions in solution get involved as charge-compensating species such as the S+X-I+ path 

takes place under acidic conditions in the presence of halogenide anions (X- = Cl- or Br-) 

and the S-M+I- path is the characteristic pathway in basic media, in the presence of 

alkaline cation (M+ = Na+ or K+). Fig. 2.2 shows the possible hybrid inorganic-organic 

interfaces. 

 

 
Figure 2.2 Schematic representation of the different types of silica-surfactant interfaces. 

Dashed line corresponds to H-bonding interactions [27]. 

 
 Using non-ionic surfactant (S0 or N0), the main interaction between template and 

inorganic species is hydrogen bonding or dipolar, which is called neutral path i.e. S0I0 and 

S0X-I+. Nowadays, non-ionic surfactants give important commercial advantages in 

comparison to ionic surfactants because they are easily removed, biodegradable, 

nontoxic, and relatively cheap. 
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 2.1.2.5 Media for gel formation of mesoporous materials [28] 

From classification of mesoporous materials by synthesis procedure in Table 2.2, 

gelation of MCM-41 could be prepared in base or acidic media. The formation of 

crystalline materials occurs by gel formation as following:  

In the gelation step, alkoxide gel precursors in aqueous solution are hydrolyzed,  

         (2.1) 

and polymerized through alcohol or water producing condensations:  

           (2.2) 
 

           (2.3) 

The gel morphology is influenced by temperature, the concentrations of each species 

(such as functional group of ROH, the water/alkoxide molar ratio), and especially acidity:  

- Acid product generally produces weakly-crosslinked gels which compact easily 

under drying conditions, yielding low-porosity microporous structures with pore diameter 

smaller than 2 nm.  

- Using of neutral to base pH conditions results in relatively mesoporous structure 

after drying, as rigid clusters by a few nanometers across pack to form mesopores. 

The synthesis in this thesis was performed using base solution because of the best 

gel formation [29].  

 

2.1.2.6 Formation mechanism of mesoporous materials [15, 23, 25, 27] 

 Mechanism of mesoporous materials formation can be classified into three types 

based on the synthesis route (Fig. 2.3):  

(a) Liquid crystal templating mechanism:  

An example of the materials formed by this mechanism is MCM-41. From Fig. 

2.3 (a), there are two main pathways. In the first pathway, liquid crystal phase is formed 

before silicate species are added (1) or another pathway is the addition of the silicate with 

surfactant resulting in the ordering of the subsequent silicate encased surfactant micelles 

(2). 

(b) Folding sheet formation 

An example of this mechanism is the formation of FSM-16 (see Fig. 2.3(b) ). 

Ammonium surfactant intercalates into hydrate sodium silicate, which composes of single 

layered silica sheets called “kanemite” (ideal composition NaHSi2O5.3H2O) to produce 



  
                                                                                                                                            11

the lamellar-to-hexagonal phase in FSM-16. After the surfactants are ion exchanged into 

layered structure, the silicate sheets are thought to fold around the surfactants and 

condense into a hexagonal structure. 

(c) Hydrogen-bonding interaction 

HMS is one of the examples of mesoporous materials formed by this mechanism. 

Hydrogen bonding occurs between silicate and non ionic surfactant as shown in Fig 2.2 

and Fig. 2.3(c). The neutral templating produces mesoporous materials with thicker walls 

and higher thermal stability as compared to the LCT derived silicates. 

 
Figure 2.3 Mechanism of mesoporous material formation (a) LCT of MCM-41 

formation, (b) Folding sheet formation of FSM-16 and (c) H-bonding interaction in HMS 

formation [15, 23, 27, 30] 

 

For liquid crystal templating (LCT) mechanism in aqueous solution, a surfactant 

will form spherical micelles at small concentration. When the concentration of the 

surfactant increases, micellar rods are formed. This formation can use in a variety of 

orientations depending on the stacking ability of the surfactant due to  their charge and 

shape [30]. 
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 The two pathways in Fig.2.3(a) can be explained in detail as following [15, 23]:   

1.) A surfactant control mechanism.  

In this route, inorganic material replaces the solvent (water) to create inorganic 

walls between the surfactant cylinders as surfactant arrays. The encapsulation of micelles 

by anionic silicate species occurs via electrostatic interaction with the cationic 

hydrophilic surfaces of the micelles. 

2.) A silicate control mechanism.  

In this second pathway, silicate species condense continuously around micelles. 

After that, they form rods and pack into a hexagonal structure. This pathway was 

unclearly postulated as a cooperative self assembly of the ammonium surfactant and the 

silicate precursor species. This is the generally favored pathway [23]. 
 

From Fig. 2.3 (a), the framework will condense around the micellar rods and a 

nonporous solid is formed. The surfactant template must be removed from the framework 

to produce the mesoporous materials. The method for template removal will depend on 

the desired morphology and the thermal stability of the synthesized products. The 

surfactant template in the framework can be removed by calcination. The synthesized 

products are heated to burn out the organic phase, resulting in the mesoporous framework 

[30]. The template can also be removed by extraction with solvents. Some of the effective 

solvents are ethanol or methanol with 10% hydrochloric acid [31]. Commonly used 

solvents are dichloromethane (DCM) and methanol [32]. 

Other type of structural orientation can be formed via the mechanism in Fig.2.3 

(a). The surfactant type and concentration can be adjusted to yield cubic pore structures 

(MCM-48) or lamellar pore structures (MCM-50) but their structures are less stable and 

harder to synthesize, compared to MCM-41 [25]. 

MCM-41 has a honeycomb structure which is the result of hexagonal packing of 

unidimensional cylindrical pores as shown in Fig.2.4. 

 
Figure 2.4 Hexagonal mesoporous structure. 
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Although some of mesoporous materials described above have the same 

hexagonal structure, they are different in the properties as shown in Table 2.4. The 

thermal and hydrothermal stability of material are based on the wall thickness. Therefore, 

MCM-41 possesses significantly higher surface area and exhibits higher thermal and 

hydrothermal stability than other materials. Furthermore, its pore size distribution is 

narrow. 

 
Table 2.4 Properties of some hexagonal mesoporous materials [29] 

Material Pore size (Å) Wall thickness 

(nm) 

BET specific surface

Area (m2/g) 

MCM-41 

HMS 

FSM-16 

SBA-15 

15-100 

29-41 

50-300 

15-32 

1-1.5 

1-2 

no report 

3-6 

>1000 

640-1000 

680-1000 

630-1000 

 

Table 2.5 Comparison of two well-known mesoporous materials, MCM-41 and SBA-15 

in their characteristic properties [15, 33] 

Properties MCM-41 SBA-15 

Pore size (Å) 

Pore volume (ml/g) 

Surface area (m2/g) 

wall thickness (Å) 

15-100 

>0.7 

>1000 

10-15 

46-300 

0.8-1.23 

690-1040 

31-64 

 

According to the properties listed in Table 2.5, MCM-41 shows a better 

performance than SBA-15 and M41s in most of properties such as high surface area, 

narrow pore size distribution and high pore volume.  
 

MCM-41 is the most studied with an increase progression in both theory and 

application. The synthesis of MCM-41 can be performed by various synthesis pathways 

using the surfactant templating method. MCM-41 has a uniform structure and specific 

surface area up to 1000 m2/g. The pore diameter varies from 2 to 10 nm. It is used in 

different applications and it is a promising material regarding economic and 

environmental friendly processes. In present, surface modification is performed for 

various application such as adsorbent, catalytic support, and ion-exchange [15, 16]. 
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The main structure of MCM-41 consists of Si-O bonds and surface silanol (Si-

OH) species. There are several method to modify MCM-41 with functional groups. In 

previous research, the synthesis of modified MCM-41 was performed by mixing a variety 

of functional groups with the starting substance to add the desired molecule on the 

product by co-condensation. Some research found that a variety of functional groups 

should be added after crystalline structure formation to gain the desired functionalized 

product. The grafting of functional group on the surface of MCM-41 could be done via 

reactions with surface silanol species.  However, surface modifications and the 

functionality will depend on the applications [30, 34, 35]. 

 

2.1.3 Synthesis method of MCM-41 and functionalized MCM-41 [9,15-18, 36-38] 

 The development in the synthesis of MCM-41 for using as heavy metal adsorbents 

is the continuous research. The synthesis methods can be divided into three different 

methods: 

 1. Conventional hydrothermal templated sol-gel method. 

In this method, cetyltrimethyl ammonium bromide (CTAB) and tetraethyl 

orthosilicate (TEOS) as initial substance, and organic silicane (R-trimethyloxysilanes) are  

added to a base solution (aqueous ammonia or sodium hydroxide). The gel is form after 

stirring and the precipitate is obtained by heating of the gel in Teflon-lined stainless steel 

autoclave. Then, crystalline formation occurs by continuous heating about 72-144 h. The 

crystallization time depends on the type of silicanes. The removal of template from 

obtained product is finally performed.  

Removal of template*: The solid product is recovered by filtration, washed with 

deionized water until the pH of the filtrate is neutral, and finally dried. The CTAB 

template can be removed by extraction with mixed solution of methanol and hydrochloric 

acid under reflux [31]. Final product is separated by centrifugation, washed with ethanol, 

dichloromethane, and finally dried. 
 

2. Original stepped templated sol-gel method 

CTAB is first dissolved in deionized water. Under continuous stirring, TEOS and 

base source (aqueous ammonia or sodium hydroxide) are added into the solution 

dropwise to produce a gel. Then, gel is transferred into a Teflon-lined stainless steel 

autoclave and heated about 30 h for hexagonal structure form crystallization. The organic 

silicane (R-trimethyloxysilanes) is added. The mixture is continuously stirred and heated 
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for 1 h before being further heated at the beginning temperature for 24 h. The removal of 

template from obtained product is achieved by solvent extraction as described previously. 

From topic 2.1.2.5, gelation can be prepared in base or acid media. This synthesis 

method 1 and 2 is performed by using base solution because of the best gel formation 

[28].  
 

 3. Grafting method  

This method is to attach the functional group on normal MCM-41 obtained from 

method 1 or 2. The normal MCM-41 from method 1 or 2 is synthesized by using solely 

TEOS. Grafting method is divided into homogeneous and heterogeneous types. 

Homogeneous synthesis type is performed by attachment of the desired functional 

organic silicane (R-trimethyloxysilanes) on MCM-41. Heterogeneous type synthesis is 

carried out by first adding the starting organic silicane on MCM-41 and then 

functionalizing the attached starting organic group with the other function groups step by 

step to finally obtain the desired organic functional group. A higher metal adsorption 

capacity was observed when the adsorbents were synthesized by homogeneous synthesis 

type, compared to heterogeneous synthesis type [10, 11]. 

 

 From previous research, the synthesis methods for functionalized MCM-41 were 

proposed but there is no comparison and conclusion on the best performance method in 

the preparation of modified MCM-41 for the use of adsorbents so far.  Functionalized 

MCM-41 in this thesis is synthesized using three methods, characterized, and evaluated 

for the adsorption capacity for mercury ions. The results are compared and the most 

suitable method of synthesis is finally chosen.   
 

 

2.2 Information of mercury 

2.2.1 Mercury compounds 

 Mercury, which has several chemical forms, is a trace component of all fossil fuel 

source materials including coal, petroleum, oil shale, natural gas, gas condensates, and 

bitumen [39]. Mercury compounds are found in various forms. From a toxicological and 

environmental point of view, the most useful and commonly accepted classification is 

metallic mercury (liquid and vapor), inorganic salts (sulfides, chlorides, nitrates, and 

oxides), alkyl compounds such as those containing an ethyl or methyl group, alkoxyalkyl 
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compounds, aryl compounds in particular the diphenylmercury. The various chemical 

forms of mercury exhibit significantly different chemicals and physical behavior [40]. 
 

 Mercury is the only metallic element that is liquid at room temperatures. It also 

called quicksilver or hydrargyrum. The characteristics of mercury are atomic number of 

80, atomic weight of 200.59, melting point of -38.8 oC, specific gravity of 13.55 g/cm, 

vapor pressure of 1.22 x 10-3 mmHg at 20 oC and the oxidation states of Hg0, Hg+ 

(mercurous) and Hg2+ (mercuric). Its valencies are of 1 and 2 [41]. Mercury capably 

forms hundreds of compounds depending on its own chemical properties. Mercury 

rapidly forms alloys known as amalgams with practically all metals except iron. Dental 

fillings are essentially amalgams of mercury and silver. And the importance is that all 

mercury compounds are volatile and usually decomposed to mercury. Mercury has a 

relatively high vapor pressure at room temperatures and the rate of vaporization increases 

with increasing of temperature [42]. 

 

2.2.2 Mercury in petroleum 

 Mercury is a metallic compound found in a wide range of petroleum industry such 

as in crude oil, condensate, natural gas, wastewater and soil around platform. Mercury 

compounds are found in various forms such as elemental, ionic and organometallic forms. 

Form and quantities of mercury depend on the source. For example, amounts of mercury 

in natural gas and condensate are generally 10-3000 ppb [43], 0.5-10 ppb in crude oil 

[44], and 3-4 ppb in crude oil processed by United State refineries in 2004 [45]. 
 

 Elemental mercury is highly adsorptive and it adsorbs on metallic surface and on 

solid materials suspended in liquids. Elemental mercury can precipitate as mercury 

(sulfur) complexes (HgX where X is an organic sulfide, thiol, thiophene or mercaptan) 

occurring in some crude oils and condensates. Boiling points of Hg0 in distillation of 

crude oil is 357 oC [46]. 
 

The presence of mercury from petroleum drilling in neighboring waters would 

affect marine lives. In the Gulf of Thailand, mercury substance was first found in 

petroleum drilled from the Gulf many years ago and the offshore gas production units 

have discharged mercury-contaminated water into the sea resulting in the increasing 

amount of this heavy metal in aquatic animals around platforms.  
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2.2.3 Disadvantages of mercury compounds in petroleum 

 1.  Effects of mercury on processing [46] 

 Mercury has several detrimental impacts on processing operation. 

 1) Equipment may be damaged because mercury accumulates in equipment 

constructed of various metals, especially aluminum, by forming an amalgam with the 

metal, for example, in the ethylene production [47]. The failures occur, at the LNG plant 

at Skikda, Algeria, from tube corrosion in the exchangers [48]. 

 2) Mercury in gas plant products may affect downstream processes. The risk of 

mercury contamination occurs in process feed especially gas plant process that used for 

chemical manufacture (such as olefins, ethylene, aromatics and MTBE). 

 3) Mercury contaminates treatment processes such as molecular sieve and glycol 

dehydration units, and amine acid gas removal system. Spent molecular sieve adsorbent 

and contaminated treatment liquids are difficult to eliminate and regenerate. 

 4) Mercury deposition in equipment is a threat for health and safety of workers 

involved in maintenance or inspection activities. Sludge containing mercury from water 

treatment system, desalters, separators, and heat exchangers is a toxic waste that is needed 

special treatment and disposal. 

 5) Wastewater streams which contain high levels of mercury must be treated to 

remove mercury before discharging. Thus, the plant operational expense increases.  

 

 2. Catalyst deactivation [30, 49] 

 Catalytic process such as hydrogenation can be deactivated by mercury poisoning. 

Poisoning is catalyst deactivation due to the adsorption of impurities from the feed 

stream, such as nitrogen, sulfur, oxygen, and metal. The metal impurities can permanently 

deposit on the active sites of the catalyst and cause a loss of catalytic activity. Several 

researchers studied an effect of mercury on catalyst deactivation. Mercury poisoning of 

catalysts reduces the catalyst life. 

.  

 3. Health and safety risk [50] 

Mercury compounds are extremely toxic to human and animals, especially its 

organic compounds. They damage nervous system on inhalation or ingestion of ionic 

mercury and absorption of them. Mercury in oil and condensate can be emitted in air 

upon combustion, causing air pollution, wastewater and soil. Mercury and it compounds 

are neurotoxins or neurological dysfunction. The period of time between exposure and 
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exhibition of symptoms varies depending on the type of mercury species and content of 

exposure. Hg0 is readily absorbed into the blood stream via the lungs.  

The major mercury specific considerations for health and safety of workers in 

petroleum processing are revealed by oil field manufacturer. Estimation of the potential 

risk to oil field workers due to mercury compounds in petroleum liquids is uncertain 

because of the lack of data or uncompleted data reported by the manufacturer.  
 

2.2.4 Control of mercury in the environment [5, 6] 

 Hazardous wastewater is a waste that is harmful to human, animal, or living 

organisms in environment such as water containing pesticides from agricultural activities, 

the by-products of manufacture, and heavy metal contaminated water. The contamination 

of heavy metals in water especially mercury is a critical environmental problem [51]. This 

research emphasizes on the removal of mercury from wastewater before releasing to the 

environment.  In Thailand, the residual concentration of mercury in released water has to 

be within the limit of the regulations of the Pollution Control Department, PCD. The 

acceptable maximum concentration of mercury in drinking water and industrial 

wastewater is 0.001 mg/ L and 0.005 mg/L, respectively [5, 6]. 
 

 

2.3 Removal of mercury 

2.3.1 Background information of mercury removal 

Mercury can be removed by different methods depending on its form. Elemental 

mercury is eliminated by using sulfur supported on solid material and ionic or inorganic 

mercury can be removed by ion-exchange or reduced to elemental Hg using a reducing 

reagent such as Sn(II). However, ion-exchange cannot remove elemental mercury. The 

removal of all mercury species from wastewater is more complicated, especially in the 

presence of organometallic compounds. Organometallic mercury cannot be removed by 

ion-exchange because of the covalent nature of Hg-C bonds. One method is adsorption 

onto an ion-exchange resin containing chemically bound active -SH groups [52]. The 

removal of mercury occurs via chelation mechanism.  
 

 The chelation mechanism concerns coordination of the electron donor atoms or 

the ligands  and metal electron acceptor. The examples of electron donor atoms in 

chelating ligands are sulfur (e.g. S in thiols, thiocarbamates and thioethers), nitrogen (e.g. 

N in azo groups, nitriles, imino and amines groups) and oxygen (e.g. O in hydroxyl, ether, 
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phenolic, carboxylic and carbonyl groups). The chelating ligands can coordinate with 

different metal ions with different affinity. It can be explained by the hard-soft acid-base 

principle (HSAB). Pearson proposed that “hard acids bind strongly to hard bases and soft 

acids bind strongly to soft bases” [53]. The interaction between hard acid and hard base 

occurs via electrostatic interactions while interaction of soft acids and soft bases occurs 

via covalent bonds. In the case of the borderline acids, which have intermediate 

characteristics, they show an affinity for both hard and soft bases. The selectivity of 

chelating ligand toward metal ion corresponds to the HSAB principle. The relation of 

hard-soft acids and hard-soft base are shown in Table 2.6. 

 

Table 2.6 The classification of hard-soft acids and hard-soft bases [53] 
 

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 
CH3COO-, CO , NO , PO , −2

3
−
3

−3
4

SO , ClO  −2
4

−
4

F- (Cl- ) 

Se3+, La3+, Ce4+, Gd3+, Lu3+, Th4+, U4+, UO , Pu+2
2

4+

Ti4+, Zr4+, Hf4+, VO2+, Cr3+, Cr6+, MoO3+, WO4+, 
Mn2+, Mn7+, Fe3+, Co3+ 

BF3, BCl3, B(OR)3, Al3+, Al(CH3)3, AlCl3, AlH3, 
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 
Borderline 
Fe2+, Co2+, Ni2+, Cu2+, Zn2+

Rh3+, Ir3+, Ru3+, Os2+

B(CH3)3, GAH3

R3C+, C6H , Sn+
5

2+, Pb2+

NO+, Sb3+, Bi3+

SO2

 
C6H5NH2, C5H5N, N , N−

3 2

NO , SO  −
2

−2
2

Br-

Soft 
Co(CN) , Pd−3

5
2+, Pt2+, Pt4+

Cu+, Ag+, Au+, Cd2+, Hg+, Hg2+, CH3Hg+

BH3, Ca(CH3)3, GaCl3, GaBr3, GaI3, Tl+, Tl(CH3)3
CH2, carbenes 
π acceptors: trinitrobenzene, chloroanil, etc. 
HO+, RO+, RS+, RSe+, Te4+, Rte+

Br2, Br+, I2, I+, ICN, etc. 
O, Cl, Br, I, N, RO, RO2
M0 (metal atoms) and bulk metals 

 
H-

R-, C2H4, C6H6, CN-, RNC, 
CO 
SCN-, R3P, (RO)3P, R3As 
R2S , RSH , RS , S2O  −2

3

I-

R refers to hydrocarbon compounds. 
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 Furthermore, the binding ability between the chelating ligands attached onto the 

solid support and the metal ions in solution also depends on many factors as followings: 

- Charge, size, and nature of the metal ions 

- Nature of the donor atoms present in the ligand 

- Nature of the solid support (e.g. hydrophlilicity of adsorbent should be 

considered in case of the extraction in the aqueous solution.) 

- The pH of solution 
 

Many researches show that the sulfur atoms in chelating ligands have higher 

affinity toward mercury ions than nitrogen and oxygen atoms [13, 54]. The selectivity of 

sulfur atoms in chelating ligands (such as R2S , RSH , RS , S2O ) toward mercury ions 

(Hg

−2
3

+, Hg2+, CH3Hg+) can be explained by the HSAB principle. In previous research, it 

was found that elemental mercury could be rapidly captured on sulfur-based trapping 

masses in the gas phase [43]. This technique is not easily adapted to liquid applications 

because of the low solubility of elemental sulfur in the aqueous solution. Then, the 

trapping agent must be anchored to the supported material. Consequently, a ligand 

containing sulfur atom is modified onto the surface of material and/or strongly attached 

on the supported material. 

 

2.3.2 Methods of mercury removal [55] 

Several methods have been proposed for mercury removal from wastewater 

around platform. They can be classified into two methods as followed. 

1. Chemical treatment 

 - Precipitation 

 - Coagulation treatment 

 - Reduction processes 

2. Adsorption 

 - Adsorption by adsorbent 

 - Ion exchange 

 

2.3.2.1 Chemical treatment 

 Chemical treatment concerns the use of chemicals to convert mercury compounds 

in petroleum to the form which is easy to remove from sample. The chemical substance 
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used is usually a sulfur compound. The reaction between mercury and sulfur compounds 

is shown below.  

 
 Hg  +  Sx

2-    HgS  +  Sx-1
2-  ;   where x = 3-6 (2.4) 

 
Mercuric sulfide (HgS) precipitates can be removed easily by solid-liquid 

separation. The disadvantage of chemical treatment method is the contamination of the 

treated product or water with the chemicals used [56]. 

 

Precipitation method 

The addition of sulfide to precipitate highly insoluble mercury sulfide is the 

common precipitation treatment reported. The effective of precipitation, with minimizing 

sulfide dosage, occurs in the near-neutral pH range. Optimum pH of 8.5 is suggested [57]. 

By using this method, the user may encounter certain difficulties. The formation of 

insoluble mercury sulfide complexes occurs at high levels of excess sulfide with the 

difficulty of monitoring excess sulfide levels and the problem of toxic sulfide residual in 

the treated effluent. This method requires precipitate separation by filtration or activated 

carbon polishing treatment [58]. 

 

Coagulation treatment 

Coagulation has been reported useful for a variety of mercury contained 

wastewater by using aluminum sulfate (alum), iron sates and lime. The concentration of 

mercury in effluent achieved by alum treatment can be in a range of 1.5-102 μg/L, and 

0.5-12.8 μg/L by iron treatment. This method requires separation unit to remove the 

precipitates. 

 

Reduction processes 

Inorganic mercury can be converted to the metallic form by reduction, and 

separated by filtration or other solids separation techniques. Reducing agents available are 

aluminum, zinc, hydrazine, stannous chloride and sodium borohydride. Reduction 

processes cannot effectively reduce the mercury levels to below 100 μg/L. The operating 

costs are high due to the cost of reducing agents and the second stage polishing by the 

rigorous treatment methods. 
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2.3.2.2 Adsorption 

Adsorption is a phenomena of the sorption that occurs between solid phase and 

the liquid or gas phase. The removal of mercury by adsorption does not contaminate the 

effluent with other chemicals compared to chemical treatment. Then, this method appears 

to be suitable method for refinery wastewater treatment and it is chosen to study in this 

research. Among the more common type of adsorption methods is the adsorption by 

adsorbents and ion exchangers. 

 

Adsorption by adsorbent 

Many adsorbents were used for mercury adsorption such as activated carbon, 

zeolite, silica, clay, polymer bead and etc. Activated carbon is widely used as adsorbent 

for mercury removal but its cost is high. The effectiveness of adsorption depends on 

initial form and concentration of mercury, dosage and type of adsorbents, and contact 

time between adsorbent and mercury contained wastewater. Increasing adsorbent dosage 

and increasing contact times improve removal efficiency. The result from adsorption 

indicated that crystalline materials showed good adsorption efficiency [9 - 11].  

 

 Ion exchange 

 This treatment of inorganic mercury involves the formation of a negatively 

charged mercuric chloride complex by addition of chlorine or chloride salts, followed by 

the removal of the mercuric chloride complex on an anion exchange resin. In wastes 

where the amount of chloride is not high, cation exchange resins are more effective. 

Common used resins contain mercapto group (R-SH), for example, polythiolstyrene 

resins are highly specific for mercuric ion [59]. This method requires pretreatment of 

mercurous and organic mercury. The operating costs were reported as very high. 

 

 Among the processes shown, the adsorption by using adsorbents have the 

capability to reduce mercury to the concentration range of 0.25 – 20 μg/L as shown in 

Table 2.7.   
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Table 2.7 The summary of treatment technology for mercury [55] 
 

Treatment methods Lower limit of treatment capability Hg (μg/L) 

1. Chemical treatment 

    - Sulfide precipitation 

    - Alum coagulation treatment 

    - Iron coagulation treatment 

2. Adsorption 

    - Adsorption by adsorbent 

       - High initial Hg 

       - Moderate initial Hg 

       - Low initial Hg 

    - Ion exchange 

 

10 – 20 

1 – 10 

0.5 – 5 

 

 

20 

2.0 

0.25 

1 – 5 

 

 The effectiveness and the operating cost of each type of methods depend on the 

chemical nature and initial concentration of mercury, the presence of other constituents in 

the wastewater that may interfere the specific treatment and the degree of mercury 

removal that must be achieved.  

In this research, the adsorption method using crystalline material for mercury 

removal is studied.  
 

 

2.4 Adsorption [60] 

 The removal of mercury by adsorption provides a high efficiency of mercury 

removal and easily applies to the large scale treatment. The adsorption method depends 

on type of adsorbent and condition used. Then, behavior and mechanism of adsorption 

should be understood before using the adsorbent for mercury removal. The adsorption can 

occur via physisorption or chemisorption. 

  

 Physisorption  

Physisorption (or physical adsorption) occur when the attraction between 

adsorbates (liquid or gas phase) and adsorbents is van der Waals force, generating from 

the electrostatic force and London dispersion force. It does not involve a significant 

change in the electronic orbital patterns of the species involved. When the concentration 
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of adsorbates increases, the multilayer sorption on the adsorbent surface can be obtained. 

The reaction is called outer-sphere surface reaction or non-specific (Fig. 2.5(a)). The 

analytes independently adsorb on the adsorbents surface and the adsorption is reversible. 

The reversibility of reaction depends on the attraction forces of analytes with adsorbent, 

temperature, and the concentration of analytes. 

 
 Chemisorption  

Chemisorption (or chemical adsorption) involves the covalent or chemical bonds  

between adsorbent and analytes, which is stronger than van der Waals force in 

physisorption. The mechanism may occur when the surface of adsorbents has active sites 

specific for analytes. The adsorption of analytes occurs in the monolayer regime and the 

reaction is irreversible. Chemisorption can be called inner-sphere surface reaction (Fig. 

2.5(b) ). 

 
  

Figure 2.5 The outer-sphere (a) and inner-sphere (b) surface reaction [60]. 

 
 
 2.4.1 Rate of mass transfer 

 Mass transfer is the phenomena involving the transfer of analytes in liquid or gas 

phase to adsorbent surface. The mass transfer is devided in three steps: (i) bulk transport, 

(ii) film transport and (iii) intraparticle transport (see in Fig. 2.6). It is important to 

understand the adsorption kinetics in order to predict the time for adsorption equilibrium 

to occur. The rate determining step of mass transfer at equilibrium is the slowest step of 

the adsorption mechanism. Each steps of adsorption are shown in Fig. 2.6 . 
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Figure 2.6 The steps of adsorption on the adsorbent surface [61]. 
 

 (i)  Bulk transport 

 This step is the very fast process. It occurs when analytes move from the bulk 

solution to the surface of the boundary layer.  

 

 (ii)  Film transport 

 Film transport may occur slowly. It can be considered as the step which controls 

the adsorption rate. It is the process involving the transportation of the analytes from the 

boundary layer to the surface of adsorbent. It is called film diffusion or external diffusion.  

 

 (iii)  Intraparticle transport 

 This step is one of the steps that can be the rate determining steps of adsorption. It 

is called the internal diffusion. It occurs when the analytes transport from adsorbent 

surface to the inside or into the pores of adsorbent and react with the active sites.  
 
 

2.4.2 Adsorption isotherms [62] 

 Adsorption isotherms are often used to describe the adsorption equilibrium on the 

adsorbent surface. The adsorption isotherm is considered in the relation of the amount of 

analyte on adsorbent and the concentration of analytes in solution at equilibrium. The 

experimental data can be used to fit to adsorption isotherm models such as Langmuir and 

Freundlich models as shown in Fig. 2.7 and 2.8. 

  
 2.4.2.1 Langmuir isotherm  

 The Langmuir model derived for adsorption is initially based on the assumptions: 

(i) the adsorption takes place at specific sites of adsorbent and no further adsorption can 
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occur at that sites (ii) the energy of adsorption is constant and independent of the extent of 

homogeneous surface, and (iii) the phenomena of adsorption is the monolayer and the 

maximum adsorption capacity of the adsorbent for that analyte at equilibrium can be 

predicted. The common form of the Langmuir relation was shown in equation 2.5 [63]. 

 

     
e

em

bC
bCqq

+
=

1
      (2.5) 

 
 In gas/solid interface, the Langmuir equation is based on an equilibrium between 

condensation and evaporation of adsorbed molecules, considering a monomolecular 

adsorption layer. The equation 2.5 can be rearranged into the form of linear equation, as 

shown in equation (2.6). 
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 where Ce  =  equilibrium concentration of the analyte in aqueous solution 

            (mg/L or mol/L) 

  q   =  adsorption capacity of adsorbent (mg/g or mol/g) 

   qm =  maximum adsorption capacity of adsorbent (mg/g or mol/g) 

  b   =  Langmuir constant related to the affinity of binding sites 

           (L/mg or L/mol) 

 

 A relation plotting between Ce/q and Ce yield a straight line with a slope of  1/qm 

and intercept of  1/bqm, as shown in Fig. 2.7(b) . 

 

 
Figure 2.7 The shape (a) and the linear plot (b) of Langmuir adsorption isotherm [64]. 
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 2.4.2.2 Freundlich isotherm 

 The Freundlich model was derived theoretically by assuming the adsorption of 

analytes on heterogeneous surface or surface active sites of varied affinities. The general 

form of the Freundlich equation is shown in equation 2.7. 
 

          (2.7) 
n

ef CKq /1=

 
 The linear equation of the Freundlich isotherm is in logarithmic form, as shown in 

equation 2.8. 
 

   log q = log K f   + 
n
1 log Ce     (2.8) 

 
 where K f   =  Freundlich constant related to adsorption capacity 

              (mg/g or mol/g) 

  n     =  Freundlich constant related to adsorption intensity 
 

 A relation plotting between log q and log Ce gives a slope of 
n
1  and intercept of 

log K f , as shown in Fig. 2.8(b) . 

 

 
Figure 2.8 The shape (a) and the linear plot (b) of Freundlich adsorption isotherm [64]. 

 

 

2.5 Characterization techniques of functionalized MCM-41 

 2.5.1 X-ray diffraction technique (XRD) [65] 

 X-ray powder diffraction (XRD) is a reliable technique that can be used to 

identify mesoporous structure. Typically, the XRD pattern of hexagonal symmetry show 

five well-resolved peaks that can be indexed to the corresponding lattice planes of miller 

indices (100), (110), (200), (210), and (300). These XRD peaks appear at small angle (2θ 
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angle between 2 and 5 degree) because the materials are not crystalline at atomic level, 

therefore diffraction at higher angles are not observed. Fig. 2.9 shows that a 

monochromatic beam of X-ray incident on the surface of crystal at an angle, θ. The 

scattered intensity can be measured as a function of scattering angle 2θ. 

 

 
Figure 2.9 Diffraction of X-ray by regular planes of atoms. 

 
 The resulting XRD pattern efficiently indicates the different phases present in the 

sample structure. Using this method, Bragg’s law is able to determine the inter planar 

spacing of the samples, from diffraction peak according to Bragg’s angle. 

 
    nλ  =  2d sinθ      (2.9) 

 
When n is the order of the diffracted beam, λ is the wavelength; d is the inter 

planar distance of the crystal (the d-spacing) and θ is the angle between the incident beam 

and these planes. 

 

 2.5.2  Nitrogen adsorption-desorption technique [66, 67] 

 The N2 adsorption-desorption technique is used to determine the physical 

properties of mesoporous molecular sieves, that are surface area, pore volume, pore 

diameter and pore-size distribution of solid. Adsorption of gas by a porous material is 

described by an adsorption isotherm, the amount of adsorbed gas by the material at a 

fixed temperature as a function of pressure. Porous materials are frequently characterized 

is terms of pore sizes derived from gas adsorption data. The IUPAC classification of 

adsorption isotherms is shown in Fig.2.10. 
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Figure 2.10 The IUPAC classification of adsorption isotherm [66]. 

 
Types of adsorption isotherms are described in Table 2.8 based on the strength of 

the interaction between the sample surface and the adsorbate. Pore size distribution is 

measured by using nitrogen adsorption/desorption isotherm at relative pressures (P/Po) 

ranging from 0.05 – 0.1. The large uptake of nitrogen at low P/Po indicates the filling of 

the micropores (<20 Å) in the adsorbent. The linear portion of the curve represents 

multilayer adsorption of nitrogen on the surface of the sample, and the concave upward 

portion of the curve represents the filling of mesoporous and macropores. The multipoint 

Brunauer Emmett and Teller (BET) method is commonly used to measure total surface 

area. 
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W is the weight of nitrogen adsorbed at a given P/Po and Wm is the weight of gas 

to give monolayer coverage, and C is a constant related to the heat of  adsorption. A slope 

and intercept are used to determine the quantity of nitrogen adsorbed in the monolayer 

manner and calculate the surface area. For a single point method, the intercept is taken as 

zero or a small positive value, and the slope from the BET plot is used to calculate the 

surface area. The surface area reported depends on the method used, as well as the partial 

pressures. The data are summarized in Table 2.8. 
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Table 2.8 Features of adsorption isotherms 
 

Type Interaction between sample 

surface and gas adsorbate 

Porosity Example of sample- 

adsorbate 

I relatively strong Micropores activated carbon-N2

II relatively strong Non porous oxide-N2

III weak Non porous carbon-water vapor 

IV relatively strong Mesopore silica-N2

Micropores oxide-Ar, carbon-Ar, 

oxide-N2,  carbon-N2

V weak 

Mesopore 

 

activated carbon- 

water vapor 

VI relatively strong sample surface  

has an even distribution of energy 

Non porous graphite-Kr 

 

 

 2.5.3 Fourier transforms infrared spectroscopy (FTIR) [68] 

 FTIR is a powerful tool for identifying types of chemical bonds in a molecule by 

producing an infrequency in the infrared absorption spectrum. The vibration of bond can 

occur due to the interaction of infrared radiation with a sample molecule. Infrared 

spectrometry finds its widest application in the analysis of organic and polymeric 

materials, but it is also useful for molecular sieves and organometallic compound 

characterization. Samples for FTIR can be prepared in many ways. For liquid samples, 

the easiest way is to place one drop of sample between two plates of sodium chloride 

(salt). Salt is transparent to infrared light. The drop forms a thin film between the plates. 

Solid samples can be milled with potassium bromide (KBr) to form a very fine powder. 

This powder is then compressed into a thin pellet and analyzed. KBr is also transparent in 

FTIR [68]. The IR band of mesoporous materials correspond to O–H stretching of the 

surface silanol groups, stretching vibrations of siloxane (–Si–O–Si–), Si–O bond 

stretching of the silanol groups, deformation vibrations of adsorbed water molecules and 

the remaining adsorbed water molecules. The attachment of functional group onto 

mesoporous materials could be confirmed by FTIR [69, 70].  
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 2.5.4 Thermogravimetric analysis (TGA) [71] 

 TGA is a simple analytical technique that measures the weight loss (or weight 

gain) of a material as a function of temperature. The material testing was performed by 

placing mesoporous materials into an alumina cup that is supported on, or suspended 

from an analytical balance located outside the furnace chamber. The sample cup is heated 

according to a predetermined thermal cycle. After materials are heated, they can loose 

weight due to a simple process such as drying, or from chemical reactions that liberate 

gasses. Some materials can gain weight by reacting with the atmosphere in the testing 

environment. Using TGA signal, the TGA curve can be plotted between percent weight 

change on the Y-axis against the reference material temperature on the X-axis [71, 72]. 

For the characterization of functionalized MCM-41, TGA have two main utilities. Firstly, 

it is employed to study of thermal decomposition of MCM-41 and the hydrophilicity of 

synthesized materials by losing of water molecule at temperature about 100 oC. Secondly, 

the amount of functional group on adsorbent can be determined by calculating from the 

percent weight loss of TGA curve [19]. 

 

 

2.6 Literature reviews on removal of mercury by adsorption 

 

The removal of mercury has been investigated for many years. Many adsorbents 

have been developed for removal of mercury ions from wastewater in petroleum industry. 

The improvement of adsorption efficiency of the adsorbents has also been reported.    

Regarding the selectivity of adsorbents toward mercury, elemental mercury is 

readily captured on sulfur-based trapping masses in the gas phase [43]. This technique is 

not easily applied to liquid applications because of the solubility of elemental sulfur in the 

aqueous solution. Therefore, the trapping agent must be anchored to a support material for 

capture of elemental mercury. Moreover, the other substrates (e.g. clay, activated carbon, 

polymer, and silica gel) were also modified for removal of mercury(II) ions. The 

functional groups of the modification reagent must contain the sulfur, nitrogen and/or 

oxygen atoms such as 2-mercaptobenzothiazole [73], procion brown MX 5BR [14], 

diethanolamine (EDA) [74], dithizone [12], 2-mercaptobenzimidazole (MBI) [8, 13], and 

3-mercaptopropyltrimethoxy silane (MPTMS) [75 - 80]. The modified materials and their 

adsorption capacity for mercury ions are listed in Table 2.9. 
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Table 2.9 The adsorption capacity of the other modified materials (e.g. clay, activated 

carbon, polymer, and silica gel) for mercury(II) ions removal 

Adsorption condition Adsorbents Type of organofunctionalized 

pH Time 
(min) 

AAddssoorrppttiioonn  
ccaappaacciittyy  

((mmmmooll  //  gg))  

Ref. 

Clay  
 

2-mercaptobenzothiazole (MBT) 
 

3 - 6 
 

30 0.0135 [73] 

Montmorillonite 
clay  

 

3-mercaptopropyltrimethoxysilane 
(MPTMS) 

 

Not 
shown 

Not 
shown 

0.325 [75] 

Fluorohectorite 
clay  

 

3-mercaptopropyltrimethoxysilane 
(MPTMS) 

 

Not 
shown 

 

1,080 0.74 [76] 

Clay  
 

2-mercaptobenzimidazole (MBI) 
 

4 - 8 360 0.145-0.178 [8] 

Smectite clay 
 

3-mercaptopropyltrimethoxysilane 
(MPTMS) 

2 - 9 Not 
shown 

0.60 [77] 

Activated 
carbon  

Sulphurised 
 

 

6 240 1.137 [81] 

Furfural 
activated carbon  

 

– 
 
 

5.5 60 0.87 [82] 

Furfural-based 
activated carbon  

 

– 
 

 

2 - 5 Not 
shown 

0.87 [83] 

Polymer 
membranes  

procion brown MX 5BR 
 

 

2 - 6 45 0.34 [14] 

Polymer bead  
 

polyethyleneimine (PEI) 
 

5 60 1.67 [84] 

Polymer bead  
 

diethanolamine (EDA) 
 

5.4 420 1.10 [74] 

Silica gel  3-mercaptopropyltrimethoxysilane 
(MPTMS) 

7 480 0.70 [78] 

Silica gel  
3-mercaptopropyltrimethoxysilane 

(MPTMS) 

Not 
shown 
 

Not 
shown 

 

0.40 [79] 

Silica gel  dithizone 
 

6 30 0.32 [12] 

Silica gel  1,5 diphenylcarbazide (DPC) 
 

6 30 0.028 [85] 

Silica gel  2-mercaptobenzimidazole (MBI) 
 

Not 
shown 

Not 
shown 

(Homo) 1.42  
(Hetero) 1.35 

[13] 

Silica gel  2-(3-(2-aminoethylthio)propylthio) 
ethanamine (AEPE) 

3 60 (Hetero) 0.79 [17] 

Organoceramic  3-mercaptopropyltrimethoxysilane 
(MPTMS) 

3 - 5 Not 
shown 

3.63 [80] 

Homo = Synthesis by Graft method (homogeneous type)    Hetero = Synthesis by Graft method (heterogeneous type) 
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From the comparison of previous results, some researchers found that sulfur atoms 

have the lone pair electrons that can be used in the binding with mercury ions according 

to the hard-soft acid-base principle [53] and have higher affinity toward mercury ions 

than nitrogen and oxygen atom. 

 

Many materials have been developed for mercury removal from wastewater in 

petroleum industry but the adsorption efficiency of those materials were not high enough. 

Many adsorbents for mercury removal showed several problems like low mechanical and 

thermal stability and weak chemical affinity. To increase adsorption efficiency, the 

modified materials should have high surface area and the ordered structure such as 

zeolite. Some research groups are interested in the synthesis of zeolite such as MCM-41, 

SBA-15, HMS and M41s. Recently, MCM-41 has drawn a lot of interest due to its high 

surface area, uniform structure and the surface can be easily modified. Zeolite materials 

can be used as adsorbent and could be synthesized or modified the surface by three 

methods; (i) conventional hydrothermal templated sol-gel method, (ii) original stepped 

template sol-gel method and (iii) grafting method. 

 

1. Conventional hydrothermal templated sol-gel method (Con) 

MCM-41 can be prepared by Con method. Beck et al. (1992) [15] synthesized, 

characterized, and proposed mechanism of formation of a new family of 

silicate/aluminosilicate mesoporous molecular sieves designated as M41s. MCM-41, one 

member of this family, exhibits a hexagonal arrangement of uniform mesopores. Chen et 

al. (2002) [18] prepared MCM-41 by the conventional hydrothermal templated sol-gel 

method and studied the property of  MCM-41 by XRD and BET. The obtained materials 

retained ordered channels and large BET surface area even after thermal treatment at 

1000 oC for 1 h in air.    

The modification of zeolite with functional group can also performed by Con 

method. Huang et al. (2004) [38] synthesized MCM-41 modified with cationic silane, tri 

methoxysilypropyl-N, N, N-trimethoxyl ammonium chloride by the conventional hydro 

thermal templated sol-gel method and used it as adsorbent for removal of benzoic acid 

and toluene. The obtained material was characterized by XRD, FTIR and BET. The 

adsorption capacity of benzoic acid and toluene were 0.20 and 0.21 mmol/g, respectively. 

Evangelista et al. (2007) [86] synthesized HMS modified with 2-mercaptothiazoline 

using the conventional hydrothermal templated sol-gel method and used it for Hg(II) ions 
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adsorption. The obtained material contained 0.89 mmol of active 2-mercaptothaiazoline 

groups per gram of silica and was able to adsorb mercury 2.34 mmol/g at pH 5. 

 

2. Original stepped template sol-gel method (Step)  

The Step method was proposed later for the modification of zeolite with organic 

functional groups. Nei et al. (2005) [19] synthesized and studied the property of 3-

mercaptopropyl functionalized SBA-15 prepared by original stepped template sol-gel 

method. They reported that the surface area and pore volume of the obtained materials 

decreased by increasing the adding amount of 3-mercaptopropyltrimethoxysilane from 5 

to 20 % mol ratio. Furthermore, surface area and pore volume decreased up to 76% at 20 

% mol ratio.  

 

3. Grafting method (Graft) 

Grafting method has been widely used in the modification of inorganic materials, 

including zeolite. Antochshuk et al. (2003) [9] synthesized 1-benzoyl-3-propylthiourea 

functionalized MCM-41 by heterogeneous grafting method for mercury removal. This 

material was prepared via a two step modification by attachment of aminopropyl 

functional group and subsequent conversion into a thiourea ligand. It had a surface area of 

380 m2/g and mesopores diameter of 3.0 nm. The maximum Hg(II) ions adsorption 

capacity of this material was 5.0 mmol/g. The adsorbent regeneration was performed by 

using slightly acidified aqueous thiourea solution.  

Sierra et al. (2006) [10] prepared MCM-41 and SBA-15 modified by 2-mercapto 

pyridine for mercury removal from wastewater. Two grafting methods were used;  

homogeneous method by grafting mercaptopyridine functional group on MCM-41 and 

SBA-15 and heterogeneous method by grafting the starting functional group first on 

MCM-41 and SBA-15 before adding the other functional groups step by step until 

mercaptopyridine was obtained. The modified materials were characterized and tested for 

Hg(II) ions adsorption. Mercury(II) ions adsorption capacity was 0.12 and 0.16 mmol/g 

for modified MCM-41 and SBA-15 prepared by homogeneous synthesis method and 0.09 

and 0.08 mmol/g for modified MCM-41 and SBA-15 prepared by heterogeneous 

synthesis method, respectively.  The same materials and methods were used in the 

modification with 2-mercaptothiazoline by Sierra et al. [11]. Mercury(II) ions adsorption 

capacity of MCM-41 and SBA-15 modified with 2-mercaptothiazoline by homogeneous 
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synthesis method was 0.70 and 1.10 mmol/g and 0.25 and 0.12 mmol/g by heterogeneous 

synthesis method. 

 

In most researches, one synthesis method was chosen to modify the zeolite 

materials. There is no finite conclusion on the most suitable synthesis method. The 

comparison of these three synthesis methods was demonstrated by Zhang et al. (2005) 

[16]. They prepared the modified MCM-41 using the conventional hydrothermal 

templated sol-gel method, the original stepped template sol-gel method and the grafting 

method. The functional groups for surface modification were phenyl, 3-aminopropyl, 3-

chloropropyl and N-aminoethylaminopropyl. The results showed that modified MCM-41 

obtained from the original stepped template sol-gel method was the best synthesis method 

for gas adsorption. This method could produce the materials that have high thermal 

stability and high attached amount of functional group on surface while it could reduce 

the synthesis time. Those materials were tested for carbon dioxide adsorption.  

 

However there is no comparison of synthesis methods for preparation of 

adsorbents for adsorption of analytes from solutions. This thesis focused on the synthesis 

of functionalized MCM-41 as adsorbents for mercury removal from water. 3-

mercaptopropyl was chosen as functional group to be modified on MCM-41 and it has 

never used to modify on MCM-41 before. The functional group for material modification 

should have donor atom that have high affinity toward mercury. Regarding the nature of 

donor atoms (i.e. sulfur, oxygen, and nitrogen), the order of soft Lewis base is S > N > O. 

In complexes between mercury(II) ion and sulfur donor atoms on the functional groups, 

mercury is referred to as soft acids and sulfer as soft bases in hard-soft acid-base principle 

[53].  

In this study, 3-mercaptopropyl functionalized MCM-41 was prepared by three 

different methods; (i) conventional hydrothermal templated sol-gel method, (ii) original 

stepped templated sol-gel method and (iii) grafting method. The efficiency of the methods 

in ligand loading was compared. The most suitable method of synthesis was chosen in 

respect to high ligand loading efficiency and high adsorption capacity of the obtained 

materials for mercury ions.  

 



CHAPTER III 

  

EXPERIMENTALS 

 
In this study, MCM-41 and 3-mercaptopropyl functionalized MCM-41 were 

prepared and used as adsorbents for the mercury removal. The experiment was divided 

into five steps. 

 

1. Synthesis of MCM-41 and 3-mercaptopropyl functionalized MCM-41 (MP-

MCM-41) by three methods. 

2. Characterization of the obtained adsorbents.  

3. Adsorption study 

4. Reusability of the adsorbents. 

5. Application to real wastewater samples from refinery process. 

 

The detail of the experiments was explained in the following: 

 

3.1 Chemicals and instruments 

3.1.1 Chemicals 

  

The reagents and solvents in all experiments were of analytical grade and 

summarized in Table 3.1. 

Table 3.1 Chemicals and suppliers 
 

Chemicals Suppliers / Grade 

Mercury standard solution, 

Hg(NO3)2 (1000 mg L-1) 
Merck, Germany / for analysis 

Hexadecyltrimethylammonium- 

bromide 
Merck, Germany / for synthesis 

Tetraethyl orthosilicate 98% Merck, Germany / for analysis 

(3-Mercaptopropyl)trimethoxysilane Fluka Chemies A.G., Switzerland / for synthesis

Ammonia solution 25% Merck, Germany / for analysis 
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Table 3.1 Chemical and suppliers (continued) 
 

Chemicals Suppliers / Grade 

Calcium hydride 

 

Fluka Chemies A.G., Switzerland / Assay ≥ 95% 

(gas-valumetric) 

Toluene CARLO ERBA, Italy / GR ACS 

Ethanol Merck, Germany / A.R. 

Methanol Merck, Germany / A.R. 

Dichloromethane Fisher Chemicals, England / A.R. 

Acetone Fisher Chemicals, England / A.R. 

Hydrochloric acid 37% Merck, Germany / for analysis 

Sulfuric acid 95-97% Merck, Germany / for analysis 

Nitric acid 65% Merck, Germany / for analysis 

Sodium hydroxide Merck, Germany / for analysis 

Sodium chloride Merck, Germany / for analysis 

Sodium sulfate Merck, Germany / for analysis 

Sodium nitrate 

 

Fluka Chemies A.G., Switzerland / purum p.a. 

> 99% 

Tin (II) chloride dihydrate CARLO ERBA, Italy / RPE-ACS 

Potassium bromide Merck, Germany / for IR spectroscopy 

Potassium permanganate Merck, Germany / for analysis 

Potassium persulfate Merck, Germany / for analysis 

Hydroxylammonium chloride Merck, Germany / for analysis 

Triethoxyoctylsilane Merck, Germany / for synthesis 
 

** Toluene was dried over calcium hydride under nitrogen atmosphere of moisture 

removal before used. 

 

 

3.1.2 Instruments 

  

 All equipments, used in the adsorbents preparation were listed as follows in Table 

3.2. 
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Table 3.2 Equipments for the adsorbents preparation 
 

Equipments Manufacture : Model 

Stirrer / Hot plate CORNING : PC-420 and PC-620 

Oven Memmert : UM 500 

Digital balance Mettler : AT 200 

Desiccator Aris : DC56LA 

Centrifuge Sanyo : Centaur 2 

Vacuum pump Buchi : V-700 

 

 

 The analytical instruments used for the characterization and the measurements 

were listed in Table 3.3. 

 

Table 3.3 Analytical instruments 
 

Equipments Manufacture : Model Purpose 

X-ray diffractometer (XRD) Rigaku : 1200+ crystallinity study 

Fourier transforms infrared 

spectrometer (FTIR) 

Nicolet : Impact 410 

 

functional group and bonds 

identification of MCM-41  

Thermogravimetric analyzer 

 

Perkin-Elmer : Pyris 1 TGA 

 

measurement of functional 

group amounts into adsorbent 

Surface area analyzer 

 

BEL Japan : BELSORP-mini 

 

surface area, pore volume, 

pore diameter determination 

pH meter Hanna instruments : pH 211 pH measurement 

Cold vapor atomic absorption 

spectrometer (CVAAS) 

Perkin-Elmer : Analyst 300 

coupled with FIAS400 system 

mercury (II) ion 

determination 

 

 

3.1.3 Preparation methods of chemicals and reagents 

 

All solutions were prepared by using deionized (DI) water. 

 

 



  
39

 a) Mercury solutions 

  

 Mercury standard solution (1000 mg/L) in 2 M HNO3 was used to prepare the 

mercury solution of required concentrations (40 – 420 mg/L) by dilution with DI water. 

The pH value of the mercury solutions were adjusted by sodium hydroxide and nitric acid 

solutions. 

 

 b) Sodium hydroxide solutions 

  

 Sodium hydroxide solutions (1, 5 and 10 %w/v) for pH adjustment were prepared 

daily by dissolving the appropriate amount of NaOH in DI water. 

 

 c) Nitric acid solutions 

 

 Nitric acid solutions (1, 5 and 10 %v/v) for pH adjustment were prepared daily by 

direct dilution from the concentrated solution (65%). 

 

 d) Hydrochloric acid solutions 

 

 Hydrochloric acid solutions (10 %v/v for template removal and 3 %v/v for acid 

carrier in mercury determination by CVAAS) were prepared daily by direct dilution of 

the concentrated solution (37%). 

 

 f) Solutions containing different salts 

 

 The solutions containing sodium salt of desired anion (NO , SO  and Cl−
3

−2
4

-) of 0.1 

and 1.0 M, used for the studies of interfering ions effect were prepared by dissolving the 

appropriate amount of sodium nitrate, sodium sulfate and sodium chloride in DI water. 

 

 i) Potassium permanganate solutions 

 

Potassium permanganate, mercury-free, solution (5% w/v) was prepared by 

dissolving 5 g of potassium permanganate in 100 mL DI water. 
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 j) Potassium persulfate solutions 

 

Potassium persulfate solution (5% w/v) was prepared by dissolving 5 g of 

potassium persulfate in 100 mL DI water. 

 

 h) Sodium chloride-hydroxylammonium chloride solution  

 

 Sodium chloride-hydroxylammonium chloride solution was prepared by 

dissolving sodium chloride (12 g) and hydroxylammonium chloride (NH2OH)HCl (12 g) 

in DI water and dilution to 100 mL. (Hydroxylamine sulfate may be used in place of 

hydroxylammonium chloride.) 

 

 e) Tin (II) chloride solutions 

 

 SnCl2 (100 g) were dissolved in 200 mL of 37% (v/v) HCl. The mixture was 

stirred continuously until homogeneous solution was obtained. Then, the volume was 

adjusted to 1000 mL by DI water. The solution should be stirred continuously during use 

for good homogeneity. 

 

 g) Mercury working standard solutions 

 

Mercury working standard solutions were prepared by successive dilutions of the 

stock mercury solution to obtain a working standard containing 0.05, 0.1, 0.15, 0.20, 0.25 

and 0.30 mg/L Hg. The working standard solutions should be prepared freshly before use.  

 

 

3.2 Synthesis of MCM-41 and 3-mercaptopropyl functionalized MCM-41 by three  

methods 

 

 1. Conventional hydrothermal templated sol-gel method (or Con): In this method, 

the organic functional molecules are added in the mixture of CTAB, NH3 and TEOS at 

the beginning before the formation of the main structure of MCM-41. 

2. Original stepped template sol-gel method (or Step.): In this method, after the 

hexagonal main structure were initially formed, the organic functional molecules are 



  
41

added. Then the final product was obtained after letting the mixture to crystallize and 

react for certain period of time.  

3. Grafting method (or Graft): In this method, the organic functional molecules 

are added to the solid MCM-41. It can be divided into two types, depending on the type 

of MCM-41 as follows; 

    -  Grafting the organic molecules on bare MCM-41 prepared from Con method 

(or Graft-con) 

    -  Grafting the organic molecules on bare MCM-41 prepared from Step method 

(or Graft-step) 
 

 
 

Figure 3.1 Methods of preparation of 3-mercaptopropyl functionalized MCM-41. 

 

1. Conventional hydrothermal templated sol-gel method (Con) 

 

A typical synthetic procedure was carried out as described [18]:  ammonia (15.39 

mL, 0.8 mol) and hexadecyltrimethyl ammonium bromide (CTAB) (2.19 g, 10 mmol)  

were dissolved in 102.6 mL deionized water under electromagnetic stirring until 
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homogeneous. Then tetraethyl orthosilicate (TEOS) (9.98 mL, 90 mmol) and 3-

mercaptopropyl trimethoxysilane (MPTMS) (0.94 mL, 10 mmol) were added into the 

solution. After 2 h of continuous stirring, a gel with a molar composition TEOS:MPTMS: 

CTAB:NH4OH:H2O of 0.9:0.1:0.12:8:114 was obtained. In this way, the mole ratio 

TEOS:MPTMS was 0.9:0.1 or the quantity of MPTMS added was 10 % mole of the total 

number of moles of TEOS and MPTMS. To add more MPTMS to the mixture, the 

amount of TEOS was reduced proportionally. The adding amount of MPTMS was varied 

in the range of 5 to 20 % mole. The obtained gel was transferred into a Teflon bottle and 

heated at 110 °C for 96 h. The solid product was recovered by filtration, washed with 

deionized water until the pH of filtrate was neutral, and finally dried. Thereafter, template 

(CTAB) was removed. 

 The procedure of conventional hydrothermal templated sol-gel method (or Con) 

was concluded in the scheme 3.1. 

 

 
Scheme 3.1 The procedure of conventional hydrothermal templated sol-gel method. 

 

MCM-41 and functionalized MCM-41 were prepared by using the original 

stepped template sol-gel technology [15, 16]. The normal MCM-41 was synthesized by 

using solely TEOS as silica source, while MPTMS was added together with TEOS to 

prepare MP-MCM-41. 
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2. Original stepped template sol-gel method (Step) 

 

In this method, the synthesis was performed as done in the conventional templated 

sol-gel method, but divided into two steps. The molar proportion of the starting materials 

used in conventional method was also applied. The adding amount of MPTMS was varied 

in the range of 5 to 10 %mol. Firstly, CTAB was dissolved in deionized water until 

homogeneous. Under continuous stirring, TEOS and then ammonia were added into the 

surfactant solution dropwise to produce a gel in 30 min. The stirring time of 30 min for 

gel formation was the most suitable condition to obtain the good order of crystalline 

structure of MCM-41 (the results showed in Fig.A1, appendix). The gel was transferred 

into a Teflon bottle and heated in oven at 110 °C about 30 h for hexagonal structure 

formed crystallization. After the typical MCM-41 hexagonal structure formed, the Teflon 

bottle containing the product was cooled and  MPTMS was added. The solution mixture 

was electromagnetically stirred for 1 h and subsequently, the solution mixture was let to 

crystallize and to react at 110 °C for 24 h. The resulting solid was recovered by filtration, 

washed with deionized water until the pH of the filtrate was neutral, and finally dried. 

Next step, template (CTAB) was removed. The normal MCM-41 was also prepared by 

this way but using solely TEOS in every step.  

 

Removal of  template:  
 

The templates or CTAB were removed from the solid product obtained from the 

conventional hydrothermal templated sol-gel method or the original stepped template sol-

gel method by extraction using the mixture of methanol and hydrochloric acid under 

reflux [31, 37-38]. Final product was separated by centrifugal filtration, washed with 

ethanol, dichloromethane, finally dried, and kept in a desiccator.  
 

The procedure of original stepped template sol-gel method (or Step) was 

concluded in the scheme 3.2. 
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Scheme 3.2 The procedure of original stepped template sol-gel method. 

 

3. Grafting method (Graft) [8-10, 16, 36, 70] 

 

The normal MCM-41 synthesized by conventional hydrothermal templated sol-gel 

method (1) or original stepped template sol-gel method (2) was suspended in boiling dry 

toluene and then MPTMS was added dropwise at a quantitative ratio of 1.87 mL of 

MPTMS : 2.25 g of MCM-41 or 10 mmol MPTMS : 1.12 g MCM-41. The number of 

MPTMS moles was varied in the range of 4.46 to 17.86 mmol : 1 g MCM-41. The reflux 

lasted for 24 h under nitrogen atmosphere and the solid product was recovered by filtration, 

washed orderly with toluene, ethanol and dichloromethane, and finally dried in air.  
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The procedure of grafting method was concluded in the scheme 3.3. 

 
 

Scheme 3.3 The procedure of grafting method. 

 

The amount of MPTMS attached on adsorbent was measured by thermo 

gravimetric analysis (TGA) to compare the adding efficiency of the three synthesis 

methods. Then the relationship between the adding amount and the attached amount of 

each method was determined. To test the accuracy of the equations, the preparation of 

MP-MCM-41 containing equal amount attached was tempted. To test the validity of the 

equations obtained, other organic functional group was added instead of MPTMS. 

Triethoxyoctylsilane (TEOTS) was chosen as organic functional group and the TEOTS 

modified MCM-41 was prepared by (i) conventional hydrothermal templated sol-gel method, 

(ii) original stepped template sol-gel method and (iii) grafting method. The adding amount 

of TEOTS was calculated using the previously obtained equations in order to obtain the 

equal amount of TEOTS attached in the final products. Then the amount of TEOTS 

attached on the obtained TEOTS-MCM-41 was determined by TGA. 
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Finally, the best synthesis method was chosen to prepare MP-MCM-41 for 

mercury removal.  

 

 

3.3 Characterization of the adsorbents 
  

The characterization of all synthesized MCM-41 was performed by powder X-ray 

diffraction (XRD) technique. XRD patterns could identify the specific crystallization of 

MCM-41 structure. FT-IR spectrometry was used to confirm their functional groups 

existence. The surface area and pore size of the adsorbents were determined by nitrogen 

gas adsorption–desorption isotherms using a surface area analyzer. The amount of 3-

mercaptopropyl functionalized on MCM-41 was determined by thermogravimetric 

analysis. 

 The instruments and techniques used to characterize the adsorbents were specified 

in the following. 

 

3.3.1 X-ray diffraction (XRD) 

 

The structure of synthesized mesoporous materials were identified by using a 

Rigaku D/MAX-220 Ultima+ X-ray diffractometer (XRD) equipped with Cu Kα radiation 

(40 kV 30 mA) and a monochromater at 2 theta angle between 1.5 to 8 degrees. The 

scattering slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree, and 

0.15 mm, respectively. X-ray diffraction patterns provide the information about the 

structure and crystallization of MCM-41 and 3-mercaptopropyl functionalized MCM-41.  

 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 
 

Fourier transform infrared spectra were recorded on Nicolet FT-IR impact 410 

spectrophotometer. The solid samples were prepared by pressing the sample with KBr. 

Infrared spectra were recorded between 400 cm-1 to 4,500 cm-1 in transmittance mode. 

The FT-IR technique was used to characterize functional groups of MCM-41 and 3-

mercaptopropyl functionalized MCM-41. 
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3.3.3 Nitrogen adsorption (Brunauer-Emmett-Teller method (BET)) 

  

 The determination of BET specific surface area, pore volume and pore diameter of 

the adsorbents were performed by using a BEL Japan, BELSORP-mini instrument. The 

sample weight was near 20 mg and weighed exactly after pretreatment at 400 oC for 3 h 

before each measurement. The principle of this method is the adsorption of a particular 

molecular species from a gas or liquid onto the surface. Based upon one adsorbed layer, 

the quantity of adsorbed material gave directly the total surface area of the sample. 

 

3.3.4 Thermogravimetric analysis (TGA) 
 

Thermogravimetric measurements were performed by using Pyris 1 Thermal 

gravimetric analyzer. The sample was heated from 20 oC to 800 oC with a heating rate of 

20 

oC / min under nitrogen atmosphere. The percentage weight loss at different tempera-

tures was shown in a thermogram. The amount of 3-mercaptopropyl (mmol) per 

adsorbent (g) were calculated from TGA. 

 

 

3.4 Adsorption study 
 
 

Mercury (II) ion content in solutions was measured by a cold vapor atomic 

absorption spectrometer, which is located at department of geology, Chulalongkorn 

University.  

The adsorption of mercury (II) ions in aqueous solutions by 3-mercaptopropyl 

functionalized MCM-41 was studied using batch method. The adsorbent (0.01 g) was 

added to 10 mL of solution containing mercury (II) ions. The initial concentration of 

mercury(II) ions ranged from 40 to 420 mg L−1. The initial pH values of mercury(II) ion 

solutions were 6.0 ± 0.2. The contact time of 120 min was applied to assure the 

adsorption equilibrium. Thereafter, adsorbents were separated from metal ion solutions by 

centrifugation at 3000 rpm for 10 min. The pH of solutions at equilibrium was also 

measured. The adsorption experiments were performed in triplicate. The initial and 

residual concentration of mercury in solutions was determined by CVAAS. The 
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conditions for measurement of mercury(II) ion concentration in aqueous solutions by 

CVAAS are shown in Table 3.4. 

 
Table 3.4  CVAAS conditions for measurement of Hg concentration in aqueous solutions 

Parameters Operating conditions  

Wavelength (nm) 

Slit width 

Lamp type 

Lamp current (mA) 

Argon flow-rate (min-1) 

Working range (mg L-1) 

253.7 

0.70 

     Hallow Cathode Lamp (HCL) 

  8 

100 

0.05-0.3 

 

** The detection limit was 0.03 μg/mL, calculated from:    

Signal LOD   =  Signal blank + 3 (S.D. of Signal blank) 

where LOD is the Limit of detection, Signal blank is the average signal of blank (n=10), 

S.D. is the standard deviation of blank signal (n=10). 

To generate cold vapor of Hg0, hydrochloric acid carrier solution and tin (II) 

chloride dihydrate solution as the reducing agent were used. The vapor was swept through 

a long path quartz cell by argon carrier gas and the absorbance at 253.7 nm was 

measured.  

 

3.4.1 Evaluation of the adsorption capacity of the adsorbents obtained from 

different preparation methods 

 

The mercury (II) ions adsorption efficiency of MCM-41 before and after surface 

modification were determined using above mentioned adsorption procedure. The initial 

concentration of mercury(II) ions solution was 210 mg/L. The most appropriate method 

of synthesis should give the adsorbents that have high adsorption capacities. Therefore, 

the adsorption capacity of MP-MCM-41 obtained from three synthesis methods using 
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different adding amount of 3-mercaptopropyl trimethoxysilane was evaluated. Then, the 

adsorption capacity of the adsorbents prepared by the three methods to have the same 3-

mercaptopropyl content was compared.  

 

Then, the adsorbent that has the best performance was used in adsorption study. 

The influence of the factors affecting the mercury(II) ion adsorption was investigated 

using batch system. The parameters studied are listed as followed, 

       -  pH of solution    1-8 

       -  contact time    2-150 min. 

       -  Effect of foreign ion    
−−− ClSONO ,, 2

43

       -  Adsorption Isotherms   Langmuir, Freundlich isotherms 

 

3.4.2 Effect of pH 

The effect of the solution pH on the mercury(II) ions adsorption was investigated 

in the range of pH 1.0 – 8.0 and pH more than 8.0 causes precipitation of metal ions. The 

adjustment of pH was made with sodium hydroxide solutions (1, 5 and 10 %w/v) and 

nitric acid solutions (1, 5 and 10 %v/v). The contact time was 120 min. The initial 

concentration of mercury(II) ions solution was 210 mg/L. The amount of MP-MCM-41 

was 0.01 g for 10 mL of mercury(II) ions solution in each testing sample.  

 

3.4.3 Effect of contact time 

The effect of contact time on the mercury (II) ions adsorption was investigated by 

varying time in the range of 2 – 150 min. The solution pH was 6.0 ± 0.2. The initial 

concentration of mercury (II) ions and the amount of adsorbent were the same as that 

mentioned in 3.4.2. 

 

3.4.4  Effect of foreign ions 

The effect of foreign ions were studied by adding the sodium salt of different 

anions (NO −
3 , SO  and Cl−2

4
-) in the concentration of 0.1 or 1.0 M in the mercury (II) ions 

solution. The solution pH was 6.0 ± 0.2. The stirring time was 120 min. The initial 
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concentration of mercury (II) ions and the amounts of adsorbent were the same as that 

mentioned in 3.4.2. 

 

3.4.5 Adsorption isotherms 

The initial concentration of mercury (II) ions of 40 – 420 mg/L in 10 mL solution 

was used for adsorption isotherm study. The initial pH was 6.0 ± 0.2 and the temperature 

was controlled at 25.0 ± 0.5 oC. The stirring time was 120 min to assure the adsorption 

equilibrium. The amount of adsorbent was 0.01 g. MP-MCM-41 used in this study was 

obtained from the most suitable synthesis method with suitable amount of MPTMS 

adding.  

Two models of adsorption isotherm were adopted; Langmuir isotherm and 

Freundlich isotherm. The remaining mercury concentrations at equilibrium and mercury 

adsorption capacities were used to plot as suggested in Langmuir and Freundlich 

relationships. The best fit model would describe the adsorption behavior of mercury (II) 

ions on the MP-MCM-41.  

 

 

3.5 Reusability of 3-mercaptopropyl functionalized MCM-41 

  

 The reusability of the best adsorbent obtained from the best synthesis method was 

studied. The experiments were performed as the following: 

1. The volume of 10 mL of mercury solutions (210 mg/L) was added to test tubes. 

This reusability experiments were performed in triplicate.  

2. In each tube, the amount of 0.01 g of the adsorbent was added to the solutuion 

and the mixture was stirred for 2 h.  

3. Sample and the adsorbent were separated by centrifugation at 3000 rpm for 10 

min then mercury content in sample was determined by CVAAS.  

 4. The used adsorbent from the first adsorption experiment was regenerated by 

using 10 mL of 4% thiourea in 0.1 M HCl. The mixture was stirred for 2 h in batch 

method. The solid was separated and used in the next adsorption experiments. 
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5. The amount of mercury in regeneration solution was measured to determine the 

desorption efficiency in first cycle. 

6. The adsorption/desorption cycles were performed consecutively until the 

adsorption percentage was less than 50 percent.  

 

3.6 Application to real wastewater sample from refinery process 

 

The real wastewater samples and mud wash water employed in this study were 

collected from crude distillation units of refinery at Chonburi and Rayong province, 

Thailand. The selected adsorbent was applied to remove mercury from the wastewater. 

Before application in adsorption experiments, the wastewater samples and mud wash 

water were filtered and the pH of the samples was measured. The mercury concentration 

in samples was determined by CVAAS [7]. Sample digestion and oxidization was 

performed to reduce analytical interferences and to ensure that the mercury in the sample 

was converted to the mercuric ion form and dissolved in aqueous media. Wastewater 

samples and mud wash water were digested with sulfuric acid, nitric acid, permanganate 

solution, and persulfate solution, respectively. After the reaction was complete, the 

residual permanganate was reduced with hydroxylamine. Thereafter, the obtained 

transparence aqueous solution was used for determination of initial mercury(II) ions in 

real wastewater samples and mud wash water.  

 

The digestion method used in this study was adapted from ASTM D3223-02 [87] 

which is a standard method for determination of total mercury in water and from method 

7470A of United States Environmental Protection Agency (USEPA) [88] which is a 

manual for determination of mercury in liquid waste (ground waters, certain solid and 

sludge-type wastes). At last, the digestion method was also adapted from ASTM F885-88 

[89] which is a standard test method for analysis of metals in refuse-derived fuel by 

atomic absorption spectroscopy. The digestion procedure is described in scheme 3.4 and 

performed as the following. 
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 Digestion procedure  

1. Real wastewater sample or mud wash water (100 mL) was transferred into a 

250-mL round-bottomed flask.  

2. The concentrated sulfuric acid (H2SO4) (5 mL) was added, followed by the 

concentrated nitric acid (HNO3) (2.5 mL). After each addition, mixing of the 

mixed solution was performed by shaking. 

3. Potassium permanganate solution (KMnO4) (15 mL) was added to sample 

flask. The sample flask was vigorously shaken and another portion of 

potassium permanganate solution was added if necessary, until the purple 

color persisted for at least 15 min.  

4. Potassium persulfate solution (K2S2O8) (8 mL) was added to sample flask. The 

sample flask was heated for 2 h in a water bath maintained at 95 oC.  

5. Thereafter, the sample flask was cooled and then sodium chloride-

hydroxylammonium chloride solution (6 mL) was added to reduce the excess 

of permanganate.  

6.  After a delay of at least 30 sec, the transparent aqueous solution was obtained 

and used for determination of initial mercury(II) ions of real wastewater and 

mud wash water samples by CVAAS.  

 

For adsorption study, the water samples were filtered and used in the adsorption 

without any sample preparation. The sample of 10 mL was extracted by 0.01 g of the 

selected adsorbent for 2 h. After the adsorption equilibrium was reached, the adsorbent 

were separated from sample by centrifugation at 3000 rpm for 10 min and then mercury 

content in sample was determined by CVAAS. The adsorption experiments were 

performed in triplicate. 
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Start
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hydroxylammonium chloride, 
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curve, determine peak 
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7. Calculate metal 
concentrations

Stop

Yes

No

 

Scheme 3.4 Digestion procedure for determination of total mercury in real wastewater 

(adapted from [88]). 



CHAPTER IV 

  

RESULTS AND DISCUSSION 

 
4.1 Synthesis of 3-mercaptopropyl modified MCM-41 (MP-MCM-41) 

 MP-MCM-41 adsorbents were synthesized by three different methods;  

1. Conventional hydrothermal templated sol-gel method (or Con) 

2. Original stepped template sol-gel method (or Step)  

3. Grafting method which is divided into two types, depending on the type of 

MCM-41 as followed; 

    -  Grafting the organic molecules on bare MCM-41 prepared from Con method 

(or Graft-con) 

    -  Grafting the organic molecules on bare MCM-41 prepared from Step method 

(or Graft-step) 

 
 
4.1.1 Comparison of methods of synthesis  
 

Procedure and preparation time of conventional hydrothermal templated sol-gel 

method (Method 1, Con) and original stepped template sol-gel method (Method 2, Step) 

are compared in Table 4.1. 

 
Table 4.1 Comparison of Con and Step methods of preparation of MP-MCM-41  

 

Condition Method 1 (Con) Method 2 (Step) 

  Gel preparation Mix all substrate Add TEOS and then NH3 
dropwised to the solution of 

CTAB  
  mixing time for gel formation 2 h 0.5 h 
  Crystallization time 96 h 30 h 
  Adding of  
3-mercaptopropyltrimethoxysilane 
(MPTMS) 

At the beginning After crystallization 
formation 

and mixing for 1 h 
  Heating time after adding MPTMS - 24 h 
  Total time for synthesis 98 h 55.5 h 
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Gel from Step method forms rapidly in 5 – 10 min after adding ammonia solution 

and it appears in murky white color. On the other hand, gel from Con method forms after 

stirring for 1 h. Crystallization period and the step of adding MPTMS in each synthesis 

methods are shown in Fig.4.1. 

 

 
 

Figure 4.1 The step of adding MPTMS and crystallization period for each synthesis 

methods. 
 

In conclusion, synthesis of MP-MCM-41 by Con method is easier than the other 

methods but the crystallization time is long. The synthesis by Step method requires short 

crystallization time but the procedure for preparation has many steps. The synthesis by 

Graft method requires long time due to many steps of synthesis but it is expected to have 

good dispersion of functional group on surface. 

In the synthesis of MP-MCM-41, the adding amount of MPTMS was varied as 5, 

10, 15 and 20 % mol for Con method and Step method. In the case of Graft method, the 

number of MPTMS moles was varied as 4.46, 8.93, 13.39 and 17.86 mmol/ g MCM-41 

(or 5 – 20 mmol : 1.12 g MCM-41). 

The suitable synthesis method of MP-MCM-41 adsorbents should have the 

following features;  

- It should have good adding efficiency of functional group to yield the adsorbents 

that have relatively high ligand loading. 

- The obtained product from that method maintains the good order of crystalline 

structure of MCM-41. This feature is required due to the good benefit of high surface area 

in adsorption and the fast adsorption kinetics.  
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-  The obtained product from that method should have high adsorption capacity 

with reasonable adding amount of ligand. 

 

4.12 Characterization of MCM-41 and MP-MCM-41 obtained by variation of the 

adding amount of MPTMS 

  The MP-MCM-41 prepared by Con and Step method will be called MP-MCM-41 

(Con) and MP-MCM-41 (Step), respectively. The normal MCM-41 synthesized by Con 

and Step method are named MCM-41 (Con) and MCM-41 (Step) and when the normal 

MCM-41 are used in the grafting method, the product will be called MP-MCM-41 (Graft-

con) and MP-MCM-41 (Graft-step), respectively. It should be noted that the normal 

MCM-41 prepared by Step method was synthesized by adding TEOS in the 2nd step 

instead of MPTMS. 
 

Table 4.2 The adding amount of MPTMS and TEOS for synthesis by Con and Step 

method  

Synthesis 

method 

Adsorbents Amount of MPTMS Amount of TEOS 

Con method MCM-41 (Con)   0 100 % mol 

 MP-MCM-41 (Con) 5 %   5 % mol 95 % mol 

 MP-MCM-41 (Con) 10 % 10 % mol 90 % mol 

 MP-MCM-41 (Con) 15 % 15 % mol 85 % mol 

 MP-MCM-41 (Con) 20 % 20 % mol 80 % mol 

Step method MCM-41 (Step) 5 %   0 95 % mol (1st step) 

  5 % mol (2nd step)

 MCM-41 (Step) 10 %   0 90 % mol (1st step) 

10 % mol (2nd step)

 MCM-41 (Step) 15 %   0 85 % mol (1st step) 

15 % mol (2nd step)

 MCM-41 (Step) 20 %   0 80 % mol (1st step) 

20 % mol (2nd step)
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Table 4.2 The adding amount of MPTMS and TEOS for synthesis by Con and Step 

method (continued) 

Synthesis 

method 

Adsorbents Amount of MPTMS Amount of TEOS 

Step method MP-MCM-41 (Step) 5 %   5 % mol (2nd step) 95 % mol (1st step) 

 MP-MCM-41 (Step) 10 % 10 % mol (2nd step) 90 % mol (1st step) 

 MP-MCM-41 (Step) 15 % 15 % mol (2nd step) 85 % mol (1st step) 

 MP-MCM-41 (Step) 20 % 20 % mol (2nd step) 80 % mol (1st step) 

 

Table 4.3 The adding amount of MPTMS and the starting material for synthesis by Graft 

method  

Synthesis 

method 

Adsorbents Amount of 

MPTMS* 

Starting material 

Graft method MP-MCM-41 (Graft-con) 

4.46 mmol/g 

  4.46 mmol/g MCM-41 (Con) 

 MP-MCM-41 (Graft-con) 

8.93 mmol/g 

  8.93 mmol/g MCM-41 (Con) 

 MP-MCM-41 (Graft-con) 

13.39 mmol/g 

13.39 mmol/1g MCM-41 (Con) 

 MP-MCM-41 (Graft-con) 

17.86 mmol/g 

17.86 mmol/1g MCM-41 (Con) 

 MP-MCM-41 (Graft-step) 

4.46 mmol/g 

  4.46 mmol/1g MCM-41 (Step)  

5 % 

 MP-MCM-41 (Graft-step) 

8.93 mmol/g 

  8.93 mmol/1g MCM-41 (Step)  

10 % 

 MP-MCM-41 (Graft-step) 

13.39 mmol/g 

13.39 mmol/1g MCM-41 (Step)  

15 % 

 MP-MCM-41 (Graft-step) 

17.86 mmol/g 

17.86 mmol/1g MCM-41 (Step)  

20 % 
 

* mmol MPTMS used per one gram of MCM-41 

 
 
 
 



  
                                                                                                                                            58

4.1.2.1 X-ray diffraction technique 
 

X-ray diffraction technique was used to characterize the structure of unmodified 

and modified MCM-41. All obtained adsorbents show highly ordered mesoporous MCM-

41 specific structure (Fig. 4.2- 4.3). The XRD patterns of MCM-41 and MP-MCM-41 

displayed a well-resolved pattern at low 2θ with a very sharp diffraction peak 

corresponding to miller indices (100) at 2.12° and three additional high order peaks (110), 

(200), and (210) with lower intensities at 3.66°, 4.24° and 5.58°, respectively. The results 

are in agreement with the previous researches [16-18, 31, 38]. The d-spacing values for 

the XRD peaks were 41.64, 24.02, 21.78 and 15.80 Å, respectively. The XRD patterns of 

MCM-41 (Con) and MCM-41 (Step) are shown in Fig. 4.2. The normal MCM-41 (Step) 

shows slightly lower intensity and broader corresponding peaks, compared to MCM-41 

(Con). This is probably because the addition of TEOS in the second step distorts the 

regular liquid crystalline array of the template and lowers the order of crystalline structure 

of MCM-41. Then, the structure of product from Step method is slightly disordered.  

 

Figure 4.2 XRD patterns of (a) normal MCM-41 (Con) and (b) MCM-41 (Step). 

When modified with 3-mercaptopropyl, a considerable decrease in the XRD peaks 

intensity was observed as shown in Fig. 4.3. A decrease in peak intensity may indicate 

that the functionalization occurred inside the mesopore channels. The results are in 

agreement with the previous researches [10, 11, 16, 70]. Nevertheless, the typical 

hexagonal structure was preserved in the products after modification. 

Comparing different adding amount of 3-mercaptopropyltrimethoxysilane, the 

XRD peaks intensity of MP-MCM-41(Con) and MP-MCM-41(Step) decreased in 
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increasing of the adding amount of functional group [19]. It indicates that the amount of 

3-mercaptopropyltrimethoxysilane affected the order of MCM-41 hexagonal structure.  

The XRD peak intensity of MP-MCM-41 (Graft) slightly decreased in particular 

the miller indices (100), compared to normal MCM-41. The peaks intensity of MP-MCM-

41(Graft) decreased when the adding amount of 3-mercaptopropyltrimethoxysilane was 

increased. This is probably due to the insertion of functional group mainly inside the 

mesopore channels. The decrease in intensity at miller indices (100) was less obvious in 

XRD patterns of MP-MCM-41 (Graft), compared to those of MP-MCM-41(Con) and 

MP-MCM-41(Step). It can be explained that MP-MCM-41(Graft) was prepared from the 

staring material which was highly ordered. 
 

 

Figure 4.3 XRD patterns of MCM-41 and MP-MCM-41 from (a) Con method, (b) Step 

method, (c) Graft-con method and Graf-step method. 
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When the high adding amount of 3-mercaptopropyl group on adsorbent was used 

such as 20 % mol MPTMS in Con and Step method, and 17.86 mmol/1g in Graft method, 

the order of crystalline structure of MCM-41 was altered significantly and the obtained 

adsorbents seem not to be suitable for using as adsorbent.  

 

4.1.2.2 Fourier transform infrared spectroscopy 
 

Fourier transform infrared spectroscopy (FT-IR) was used in this research to 

correctly confirm the presence of specific organic functional groups as well as the 3-

mercaptopropyl group on adsorbents. The assignments for the FT-IR bands of unmodified 

MCM-41 and the new bands appeared after functionalization with 3-

mercaptopropyltrimethoxysilane are listed in Table 4.4.  

 

Table 4.4 FT-IR vibration band position and their assignments for MCM-41 and MP-

MCM-41 [10-11, 16, 68-70] 

Adsorbents Absorption frequency 

(cm-1) 
Remarks and assignments 

Normal MCM-41 3420 – 3200 

 

O-H bond stretching of the surface 

silanol groups and/or the remaining 

adsorbed water molecules 

 1630 deformational vibrations of adsorbed 

water molecules of MCM-41 

 1230 and 1070 

 

asymmetric stretching vibrations of  

Si-O-Si bridges 

 954 and 800 

 

symmetric stretching vibrations  of   

Si-O bridges 

MP-MCM-41a 2925  

 

asymmetric stretching vibrations of 

CH2

 2859 symmetric stretching vibrations  of CH2

 2571 stretching of S-H 

 690 CH2 rocking vibrations of Si–CH2R 
a New band appeared after functionalization with MPTMS 
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 The FT-IR spectra of MCM-41, prepared by Con method and Step method are 

shown in Fig. 4.4-4.5. The signal of O-H bond stretching bands of the surface silanol 

groups were observed in MCM-41(Con) and MCM-41(Step). The intensity of O-H bond 

stretching band of MCM-41(Step) increased when increased the adding amount of TEOS 

(Fig. 4.5). 

 The FT-IR spectra of MP-MCM-41, prepared by Con, Step and Graft method with 

different adding amount of 3-mercaptopropyltrimethoxysilane are shown in Fig. 4.6-4.9. 

The signal of O-H bond stretching bands corresponding to silanol groups were observed 

in all adsorbents and the band intensity decreased when the MCM-41 was functionalized 

with MPTMS (Fig. 4.6-4.9). It indicates that the silanol groups on MCM-41 were 

modified with the functional group. The new bands appeared at 2925 and 2859 cm-1 in the 

spectra of MP-MCM-41 correspond to the aliphatic C-H stretching vibration. The 

intensity of this band increased sharply when increased the adding amount of MPTMS, 

indicating the increasing amount of MPTMS attached on the products. The CH2 rocking 

vibration of Si–CH2R was present at 690 cm-1 in the spectra of MP-MCM-41. A very 

weak S-H stretching peak was also observed at 2571 cm-1 for MCM-41 containing 3–

mercaptopropyl groups [19, 69]. 

By the results in Fig. 4.8 and 4.9, the bands at 2925 and 2859 cm-1 of C-H 

stretching vibration and band at 2571 cm-1 of S-H stretching of MP-MCM-41(Graft) were 

clearly seen, unlike in MP-MCM-41(Con) and MP-MCM-41(Step). The FT-IR results 

indicate that the amount of functional groups attached on the surface of MP-MCM-

41(Graft) was higher than on surface of MP-MCM-41(Con) and MP-MCM-41(Step). 
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Figure 4.4 FT-IR spectrum of normal MCM-41 (Con). 
 

 
 

Figure 4.5 FT-IR spectra of normal MCM-41 (Step) prepared by different amount of 
TEOS added in the 2nd step. 
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Figure 4.6 FT-IR spectra of MP-MCM-41 (Con) with different amount of MPTMS added. 
 

 
 

Figure 4.7 FT-IR spectra of MP-MCM-41 (Step) with different amount of MPTMS added. 
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Figure 4.8 FT-IR spectra of MP-MCM-41 (Graft-con) with different amount of MPTMS   
                  added. 

 

 
 

Figure 4.9 FT-IR spectra of MP-MCM-41 (Graft-step) with different amount of  
                   MPTMS added. 
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In conclusion, FT-IR characterization shows the success of the synthesis of 

modified MCM-41 and confirmed the attachment of 3-mercaptopropyltrimethoxysilane 

on the adsorbents. 

 
4.1.2.3 Surface area analysis  
 

Surface area analysis by Brunauer-Emmett-Teller method (BET) was used in this 

research with the objective to compare the surface area, pore volume and pore diameter of 

MCM-41 and MP-MCM-41. The results are shown in Table 4.5. The BET surface area in 

the range of 857 - 1297 m2/g was expected for hexagonal mesoporous materials [9-11, 

15-18, 70]. MP-MCM-41 from all synthesis methods had lower surface area and pore 

volume and smaller in pore diameter, compared to normal MCM-41. The results show 

that the surface properties of MP-MCM-41 were clearly different from those of the 

unmodified MCM-41. The modification results in a reduction in surface area and pore 

volume, probably due to the occupation of the functionalized molecules on the surface 

and inside the pores of the adsorbents. The results in Table 4.5 are the average values of 

the experimental data (n=2) that are shown in detail in Table A1 (see appendix). 

Table 4.5 Physical parameters of the adsorbents measured by nitrogen adsorption–

desorption isotherms  

Surface analysis 
Sample Adding reagent Surface area 

(BET) (m2/g) 

Total Pore 

volume (cm3/g) 

Pore diameter 

(nm) 

Normal MCM-41(Step) 5 to 20 % TEOS  

(in the 2nd step)  

1296 to 963 1.16 to 0.80 4.1 to 3.7 

Normal MCM-41(Con) 100 % TEOS 857 – 906 0.73 – 0.80 3.5 – 3.7 

MP-MCM-41 (Con) 5 % to 20 % MPTMS 843 to 690 0.71 to 0.43 3.5 to 2.2 

MP-MCM-41 (Step) 5 % to 20 % MPTMS 831 to 670 0.64 to 0.35 3.3 to 2.1 

MP-MCM-41 4.46 to 17.86 mmol 842 to 685 0.70 to 0.36 3.4 to 2.1 

(Graft-con) MPTMS/g MCM-41    

MP-MCM-41 4.46 to 17.86 mmol 815 to 514 0.61 to 0.32 3.2 to 1.9 

(Graft-step) MPTMS/g MCM-41    
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The surface area of MCM-41(Step) decreased when the adding amount of TEOS 

in the second step increased. It is probably due to the insertion of TEOS added in 2nd step 

on the surface of framework or between Si-O-Si bond of framework during crystalline 

formation, resulting in smaller pore diameter and lower surface area. Compared to MCM-

41(Step), surface area of MP-MCM-41(Step) decreased after functionalization with 

MPTMS. The methoxy terminal of MPTMS might involve in the formation of inorganic 

framework or attach on the previously formed framework. The 3-mercaptopropyl branch 

might also react with the hydrophilic groups of template through H-bonding to form the 

complex structure [19], resulting in the occupation of space inside the pore and therefore 

reduction of surface area and porosities of MP-MCM-41(Step).  

In the case of MP-MCM-41(Con), surface area of the obtained products also 

decreased when the adding amount of MPTMS increased especially at the adding amount 

of MPTMS of 15 and 20%mol. The presence of MPTMS, instead of TEOS, in the gel 

formation and crystallization step seems to alter the surface properties of the products.  

In the case of MP-MCM-41(Graft-con) and (Graft-step), surface area of the 

obtained products decreased when increased the adding amount of MPTMS due to the 

attachment of MPTMS on the pore surface of MCM-41[17, 70]. The surface area and 

porosities of MP-MCM-41(Graft-step) decreased in higher extent than MP-MCM-

41(Graft-con). The results reveal that the amount of MPTMS attached on the pore surface 

of MP-MCM-41(Graft-step) seems to be higher than on MP-MCM-41 (Graft-con) when 

used the same adding amount. 

The nitrogen adsorption-desorption isotherm of the obtained products are shown 

in Fig. 4.10. The N2 adsorption-desorption isotherms of MCM-41 (Con) and MCM-41 

(Step) with 15% mol TEOS added in the 2nd step (Fig. 4.10(a) and 4.10(d)) show linear to 

step-shaped uptakes at partial pressures between 0.1 and 0.5. These features indicate the 

presence of mesopore in framework.  

All the products exhibited type IV isotherms with apparent hysteresis loop, 

indicating the existence of defined mesopores in the frameworks [9, 10, 66, 67]. When 

modified with MPTMS, the adsorbed amount at the saturated pressure (see in axis Y from 

graph) decreased, revealing lower porosity of the products. The more content of MPTMS 

was incorporated, the lower porosity might be obtained.  If the adsorbent has smaller pore 

diameter, the result from the nitrogen condensation step will shift to lower vapor pressure.   
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From the results, the nitrogen condensation step (see in axis X from graph)  

gradually shifted to lower vapor pressure in the modified MCM-41, which associates with 

the decreasing of the mesopore diameter. The degree of decrease observed in adsorbents 

depends on the synthesis type, as following: MP-MCM-41 (Graft-step) > MP-MCM-

41(Step) > MCM-41 (Step) and MP-MCM-41 (Graft-con) > MP-MCM-41(Con) > MCM-

41 (Con). 

 

Figure 4.10 Nitrogen adsorption-desorption isotherm of (a) MCM-41(Step), (b) MP-

MCM-41(Step) 15%mol, (c) MP-MCM-41 (Graft-step) 13.39 mmol/g, (d) MCM-

41(Con), (e) MP-MCM-41(Con) 15%mol, and (f) MP-MCM-41(Graft-con) 13.39 

mmol/g.   
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From the experimental results, the nitrogen condensation step of the products 

shifted to near low vapor pressure when adding amount of MPTMS increased, indicating 

that the product had higher MPTMS content and then the pore diameter was lower. 

Nonetheless, specific surface area and porosities of the obtained adsorbents still remained 

in the range of the hexagonal mesoporous structures after 3-mercaptopropyl modification.  

 

4.1.2.4 Thermogravimetric analysis  
 

The amount of 3-mercaptopropyl groups attached on MP-MCM-41 was 

determined by thermo gravimetric analysis (TGA). The TGA profiles are shown in Fig. 

4.11 and the appendix. For the normal MCM-41 materials, a weight loss of about 2 % 

was observed at a temperature lower than 180 °C, due to the evaporation of adsorbed 

water and a further weight loss of about 0.9 – 2.4 % was observed at temperatures higher 

than 210 °C. When the surfactant was not removed by reflux, the significant weight loss 

(about 29.4 %) due to the residual surfactant decomposition was observed at temperatures 

higher than 180 °C (Fig. A2–A3, appendix). Therefore, reflux treatment is necessary and 

was applied to remove the surfactants for all MCM-41 products.  

The functionalized products showed weight loss in three steps: first step at 

temperature lower than 180 °C, which was due to the evaporation of adsorbed water, 

second step at 300-450 °C (approximately 4–13%), which could be attributed to the loss 

of 3-mercaptopropyl groups, and the last step at temperature between 500–650 °C 

(approximately 2.5–8.3%), which was due to the breaking of the siloxane bridges (Si-O-

Si bonds) [10, 11]. The increase in the extent of weight loss due to the 3-mercaptopropyl 

groups on the adsorbents was observed when used higher adding amount of MPTMS. 
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Figure 4.11 TGA curves of (a) MCM-41(Con), (b) MP-MCM-41(Con), (c) MP-MCM-41 

(Graft-con), (d) MCM-41(Step), (e) MP-MCM-41(Step) and (f) MP-MCM-41(Graft-step). 

 

The overall loading of 3-mercaptopropyl on the adsorbents was calculated using 

weight loss data from TGA curves of MCM-41 and MP-MCM-41 (Fig. A4–A36) and the 

equation 4.1 [10, 11, 70].  
 

Loading capacity   = Ligand (g)       x 1 mol Ligand      x 1000 mmol Ligand 
(mmol Ligand/g adsorbent)  100 g adsorbent M.W. ligand (g) 1 mol Ligand 

  

 (4.1) 
  

Loading capacity (mmol MP/g adsorbent)      = Ligand (% g)       x 10 
    M.W. ligand (g) 

 
  (CH2)3SH M.W. = 75  g/mol 

 
Si SH

H CO
H CO
H CO

3

3

3
3-mercaptopropyl 
trimethoxysilane 
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The calculated loading capacity of 3-mercaptopropyl on the adsorbents are shown 

in Table 4.6. In every method of synthesis, the results from TGA show an increasing 

trend of 3-mercaptopropyl amount attached on MP-MCM-41 when increased the adding 

amount of the ligand. The loading capacity represents the amount of ligand (mmol) 

modified on one gram of the final products obtained from each synthesis method. 

Table 4.6 Calculated loading capacity of the adsorbents 

Loading capacity (mmol MP/g adsorbent) a 

Adding amount of 
MPTMS 

 

MP-MCM-41 

(Step) 

MP-MCM-41 

(Con) 

MP-MCM-41 

(Graft-step) 

MP-MCM-41 

(Graft-con) 

5 % mol 0.5187 ± 0.003 0.5968 ± 0.030   

10 % mol 0.8876 ± 0.017 0.9730 ± 0.004   

15 % mol 1.0807 ± 0.002 1.1647 ± 0.004   

20 % mol 1.0864 ± 0.004 1.1683 ± 0.005   

4.46 mmol/g   0.5193 ± 0.009 0.4153 ± 0.004 

8.93 mmol/g   0.8708 ± 0.007 0.7761 ± 0.003 

13.39 mmol/g   1.0628 ± 0.003 1.0135 ± 0.004 

17.86 mmol/g    1.0947 ± 0.007 1.0037 ± 0.003 
a Mean ± S.D. (n=3)  

 

The loading capacities of the final products were compared when used the same 

range of starting amount of MPTMS in the synthesis (Fig. 4.12). It should be noted that 

the starting amount of MPTMS used in every method is practically in the same range of 

quantity but presented in different unit depending on the method of synthesis. 

The loading amount MP ligand on the obtained products increased when the 

adding amount increased. The results show that the adsorbents having highest loading 

capacity could be prepared when used adding amount higher than 15% mol MPTMS for 

Con method and Step method and higher than 13.39 mmol MPTMS/g MCM-41 for Graft 

method. From the XRD results previously discussed, a high adding amount of MPTMS 

resulted in less ordered structure. To continue to add the MPTMS may eventually result 

in disordered structure.  

The suitable starting amount of ligand MPTMS, in respect to the highest loading 

capacity and the good crystalline mesoporous structure of the adsorbents, is 15% mol 

MPTMS for Con method and Step method and 13.39 mmol MPTMS/g MCM-41 for 

Graft method. 



  
                                                                                                                                            71

Figure 4.12 Loading capacity calculated from TGA of the adsorbents obtained from (a) 

Con and Step method, (b) Graft method using MCM-41 (Con) and MCM-41 (Step). 

The ligand loading efficiency of the synthesis method could be compared by 

comparing the ligand loading capacity of the adsorbents obtained when used the same 

adding amount of ligand. The efficiency of the method in ligand loading is in the 

following order: Con method > Graft method using MCM-41 (Step) > Step method > 

Graft method using MCM-41 (Con). 

 From the results in Fig. 4.12 and data fitting, the equations describing the 

relationship between the adding amount of ligand and the ligand loading capacity of the 

adsorbent were obtained as shown in Table 4.7.  

Table 4.7 Relationship between loading capacity of the adsorbents (y) and the adding 

amount of ligand (x)  

Synthesis 

method 

Mathematic equation a Correlation 

coefficient (R2) 

Equation no. 

Con   y = -0.0037x2 + 0.1316x + 0.0313 1 (4.2) 

Step   y = -0.0036x2 + 0.129x - 0.0368 1 (4.3) 

Graft-step   y = -0.004x2 + 0.1323x + 0.0088 1 (4.4) 

Graft-con   y = -0.0046x2 + 0.1485x - 0.1607 0.9968 (4.5) 
 

a The unit of y is mmol MP/g MP-MCM-41 and the unit of x is % mol MPTMS for Con and Step method 

and mmol MPTMS/g MCM-41 for Graft method. 
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The limit of use of the equation (4.2) – (4.5) is that they are valid only for the 

calculation of the adding amount of ligand (x) less than or equal 20 % mol MPTMS for 

Con and Step method and 17.86 mmol MPTMS/g MCM-41 for Graft method. However, 

the adding amount higher than the limits may results in disordered structure which is 

undesirable for the use as adsorbents.  

Furthermore, to choose the suitable synthesis method of adsorbents, the adsorption 

efficiency of the obtained products need to be evaluated and compared. The adsorption 

efficiency might increase in increasing the ligand loading on the products. Therefore, to 

correctly compare adsorption efficiency of the adsorbents prepared by Con, Step and 

Graft method, the adsorbents containing equal amount of ligand were prepared.  

 

4.2 Synthesis of MP-MCM-41 containing equal amount of 3-mercaptopropyl    

MP-MCM-41 adsorbents which had the equal loading amount of 3-

mercaptopropyl were prepared by three synthesis methods using adding amount of 

MPTMS calculated from equation (4.2) – (4.5). To obtain 1 mmol MP/g MP-MCM-41, 

the amount of MPTMS to be added in the synthesis was 10.40 % mol for Con method, 

12.17 % mol for Step method, 11.47 mmol and 13.28 mmol for Graft method using 

MCM-41 (Step) and MCM-41 (Con) as starting material, respectively.  

 

4.2.1 Characterization of MP-MCM-41 containing equal amount of 3-mercapto 

propyl 
 

The MP-MCM-41 adsorbents which were prepared to have 1 mmol 3-mercapto 

propyl were characterized by different techniques as followed. 

  

4.2.1.1 Thermogravimetric analysis 
 

Loading capacity or the amount of 3-mercaptopropyl per gram adsorbent was 

calculated from TGA curves (Fig. A25–A30 in appendix) and shown in Table 4.8.  The 

results show that MP-MCM-41 adsorbents containing 1 mmol MP/g could be 

successfully prepared using the adding amount calculated from equation (4.2) – (4.5). 
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Table 4.8 Loading capacity of the adsorbents prepared to have equal loading amount of 

MP measured by TGA  

Adsorbents Adding amount of MPTMS Loading capacity a

   (mmol MP / g adsorbent)

MP-MCM-41 (Con) 10.40 % mol (MPTMS : MPTMS + TEOS) 1.0032 ± 0.030 

MP-MCM-41 (Step) 12.17 % mol (MPTMS : MPTMS + TEOS) 1.0105 ± 0.036 

MP-MCM-41 (Graft-step) 11.47 mmol MPTMS / g MCM-41 1.0209 ± 0.034 

MP-MCM-41 (Graft-con) 13.28 mmol MPTMS / g MCM-41 1.0633 ± 0.031 
 

a Mean ± S.D. (n=3)  

 

To prove the validity of the obtained equations in the synthesis of modified 

MCM-41, another organic molecule was used in the modification. MCM-41 were 

functionalized with triethoxyoctylsilane, which is aliphatic hydrocarbon, by three 

synthesis methods and using the equation (4.2) – (4.5) for calculation of the adding 

amount of triethoxyoctylsilane (TEOTS). To obtain 1 mmol OT/g OT-MCM-41, the 

amount of TEOTS to be added in the synthesis was 10.40 % mol for Con method, 12.17 

% mol for Step method, 11.47 mmol and 13.28 mmol for Graft-step method and Graft-

con method, respectively.  

The obtained products (OT-MCM-41) were characterized by TGA for 

determination of the loading amount of octyl per gram adsorbent by using the percentage 

of weight loss in TGA curves (Fig. A31–A36 in appendix) and equation (4.1). Loading 

amounts of octyl per gram adsorbent are shown in Table 4.9.   

 

Table 4.9 Loading capacity of OT-MCM-41 adsorbents prepared by different synthesis 

methods  

Adsorbents Adding amount of TEOTS Loading capacity a

   (mmol OT / g adsorbent) 

OT-MCM-41 (Con) 10.40 % mol (TEOTS : TEOTS + TEOS)  0.9360 ± 0.095 

OT-MCM-41 (Step) 12.17 % mol (TEOTS : TEOTS + TEOS)  1.1204 ± 0.110 

OT-MCM-41 (Graft-step) 11.47 mmol TEOTS /g MCM-41 1.0059 ± 0.134 

OT-MCM-41 (Graft-con) 13.28 mmol TEOTS /g MCM-41 0.9727 ± 0.036 
 

aMean ± S.D. (n=3)  
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The TGA results from Fig. 4.13 (or Fig. A33 – A36 in appendix) show that the  

loss of octyl group was observed at very high temperature (500-650 °C) in the analysis of 

OT-MCM-41 (Con) and OT-MCM-41 (Step). This is probably due to the attachment of 

the long length molecules inside the pore or in the core structure of OT-MCM-41. 

Therefore, the octyl group and/or the residual of decomposed octyl group would be 

burned out at the temperature near the temperature that cause the breaking of siloxane 

bridges (Si-O-Si bonds) in the core structure at 500 – 650 °C [10, 11].  

The loading capacities of the obtained adsorbents are close to 1.0 mmol octyl/g 

adsorbent. The results indicate that the equation (4.2) – (4.5) could be used for calculation 

of the adding amount of functional group for the preparation of modified MCM-41 by 

these three synthesis methods.  

 

Figure 4.13 TGA curves of (a) OT-MCM-41 (Con), (b) OT-MCM-41 (Graft-con), (c) 

OT-MCM-41 (Step) and (d) OT-MCM-41(Graft-step). 

 

4.2.1.2  X-ray diffraction technique 
 

MP-MCM-41 adsorbents which contained the equal loading amount of 3-

mercaptopropyl were characterized by X-ray diffractometer (XRD) to confirm the 

hexagonal mesoporous structure of adsorbents as shown in Fig. 4.14.  
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Figure 4.14 XRD patterns of MCM-41 and MP-MCM-41 from (a) Con method and Graft 

method using MCM-41 (Con), (b) Step method and Graft method using MCM-41 (Step). 

No change in the XRD pattern was observed after modification of MCM-41 with 

MPTMS. Furthermore, the decrease in peak intensity and also the peak broadening of the 

modified products indicate a slight disorder of crystalline structure of MCM-41. The 

results are in agreement with those observed previously in topic 4.1.2.1. 

 
 
4.2.1.3 Fourier transform infrared spectroscopy 
 

The FT-IR spectra of MP-MCM-41 adsorbents containing equal amount of 3-

mercaptopropyl were shown in Fig. 4.15 – 4.16.  

FT-IR spectra of MP-MCM-41 obtained from Con method, Step method and Graft 

method (Fig. 4.16– 4.17) showed new peaks corresponding to (1) vibrations of CH2 at 

2925 and 2859 cm-1, (2) stretching of SH at 2571 cm-1, and (3) CH2 rocking vibrations of 

Si–CH2R at 690 cm-1. This indicates that the obtained adsorbents are successfully 

synthesized with MPTMS and the results are in agreement with those observed 

previously. 

 



  
                                                                                                                                            76

 
 

Figure 4.15 FT-IR spectra of MP-MCM-41 (Con) and MP-MCM-41 (Step) containing 
approximately 1.0 mmol MP/g.   

 

 

Figure 4.16 FT-IR spectra of MP-MCM-41 (Graft-con) and MP-MCM-41 (Graft-step) 
containing approximately 1.0 mmol MP/g.   
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4.2.1.4 Surface area analysis (Brunauer-Emmett-Teller method (BET)) 
 

MP-MCM-41 adsorbents which contained approximately 1.0 mmol MP/g were 

analyzed for the surface area, pore volume and pore diameter by surface area analyzer 

using BET method (Table 4.10). 

 
Table 4.10 Physical parameters of the adsorbents containing approximately 1.0 mmol 

MP/g MP-MCM-41   

BET result aSample Adding 
amount of 
MPTMS 

Surface area 
(BET) (m2/g) 

Total Pore 
volume (cm3/g) 

Pore diameter 
(nm) 

Normal MCM-41 (Con) – 914 0.73 3.4 

Normal MCM-41 (Step) – 939 0.73 3.5 

MP-MCM-41 (Con) 10.40 %mol 897 0.62 3.2 

MP-MCM-41 (Step) 12.17 %mol 854 0.54 2.9 

MP-MCM-41(Graft-con) 13.28 mmol/g 831 0.53 2.9 

MP-MCM-41(Graft-step) 11.47 mmol/g 735 0.53 2.6 
a Mean (n=2) 

 

The results from surface analysis show a decrease in surface area from 914 to 897  

m2/g and 939 to 854 m2/g when MCM-41 was modified with MPTMS by Con method 

and Step method, respectively. A reduction in surface area from 914 to 831 m2/g and 939 

to 735 m2/g were also observed when used Graft method to modify MCM-41 (Con) and 

MCM-41 (Step), respectively. The decrease in surface area, pore diameter and pore 

volume could be attributed to the occupation of functionalized molecules on surface and 

inside pores of adsorbents. The diameter of the pores of the obtained products in the range 

of 2.6 – 3.5 nm indicates the presence of mesoporous channels. 

The results from characterization confirm the success of the preparation of the 

MP-MCM-41 adsorbents containing approximately 1.0 mmol MP/g. To evaluate the 

adsorption efficiency of the adsorbents prepared by different methods, MP-MCM-41 

containing equal amount of ligand were further used in the adsorption of mercury(II) ions. 

The suitable adsorbents for mercury removal should provide high adsorption efficiency 

with reasonable amount of ligand loading. Then the suitable synthesis method will be 

chosen. 
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4.3 Comparison of adsorption efficiency of the MP-MCM-41 prepared by different 

methods  

 

MP-MCM-41 adsorbents were used in the adsorption of mercury(II) ions in 

aqueous solutions by batch method. The adsorption experiments were carried out using 

0.01 g adsorbents, 10 mL solution (pH 6) and stirring time of 2 h. The adsorption 

efficiency of all adsorbents was determined. The mercury(II) ions adsorption efficiency is 

presented in term of adsorption capacity and percentage adsorption, calculated from 

equation (4.6) and (4.7), respectively. 

 

   Adsorption capacity (q) =  
m

VCC ei 1
100

×⎟
⎠
⎞

⎜
⎝
⎛ ×

−
    (4.6) 

        

   Adsorption (%) =  
e

ei

C
CC −

x V      (4.7) 

 
 
where  Ci  =  initial concentration of mercury(II) ions in aqueous solution 

            (mg/L) 
   

Ce  =  equilibrium concentration of mercury(II) ions in aqueous solution 

          (mg/L) 
 
q   = adsorption capacity of the obtained adsorbents (mg/g) 

  V  = volume of mercury(II) ions aqueous solution (mL) 
   

m  = weight of adsorbent (g) 
 

 

 Mercury (II) ions adsorption efficiency of MP-MCM-41 was studied as following: 

 
 
4.3.1 Comparison of mercury(II) ions adsorption efficiency of MP-MCM-41 

prepared by three synthesis methods using different adding amount of MPTMS  
 

MP-MCM-41 adsorbents were prepared by using 5 – 20 % mol MPTMS for Con 

and Step method and 4.46 – 17.86 mmol MPTMS/g MCM-41 for Graft method as 
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discussed previously. The adsorption capacity of the adsorbents was evaluated using 

batch method. The initial concentration of mercury (II) solution was 210 mg/L. 

Mercury(II) ions adsorption capacity of MP-MCM-41 adsorbents are shown in Table 

4.11.  

 
Table 4.11 Mercury(II) ions adsorption capacity of MP-MCM-41 prepared by different 

synthesis methods with variation of the adding amount of MPTMS  

Adsorbents Adding amount Loading amount a 

(mmol MP/g 

adsorbent) 

Adsorption capacity a 

(mg/g) 

MP-MCM-41  5 % mol MPTMS 0.5968 ± 0.030   66.14 ± 1.35 

(Con) 10 % mol MPTMS 0.9730 ± 0.004 120.65 ± 0.74 

 15 % mol MPTMS 1.1647 ± 0.004 153.75 ± 0.57 

 20 % mol MPTMS 1.1683 ± 0.005 159.38 ± 0.52 

MP-MCM-41  5 % mol MPTMS 0.5187 ± 0.003 144.81 ± 2.28 

(Step) 10 % mol MPTMS 0.8876 ± 0.017 151.25 ± 2.14 

 15 % mol MPTMS 1.0807 ± 0.002 175.53 ± 0.20 

 20 % mol MPTMS 1.0864 ± 0.004 178.24 ± 0.46 

MP-MCM-41 4.46 mmol MPTMS /g MCM-41 0.4153 ± 0.004 158.82 ± 0.19 

(Graft-con) 8.93 mmol MPTMS /g MCM-41 0.7761 ± 0.003 179.56 ± 0.48 

 13.39 mmol MPTMS /g MCM-41 1.0135 ± 0.004 192.12 ± 0.08 

 17.86 mmol MPTMS /g MCM-41 1.0037 ± 0.003 196.01 ± 0.16 

MP-MCM-41 4.46 mmol MPTMS /g MCM-41 0.5193 ± 0.009 181.06 ± 0.01 

(Graft-step) 8.93 mmol MPTMS /g MCM-41 0.8708 ± 0.007 209.98 ± 0.11 

 13.39 mmol MPTMS /g MCM-41 1.0628 ± 0.003 209.13 ± 0.39 

 17.86 mmol MPTMS /g MCM-41 1.0947 ± 0.007 209.01 ± 0.28 
a Mean ± S.D. (n=3)  

 

Furthermore, the adsorption efficiency of the products prepared from different 

synthesis methods was also compared in function of loading capacity as shown in Fig. 

4.17. The optimum condition in the synthesis will be chosen based on the loading amount 

of ligand and the adsorption capacity for mercury(II) ions of the obtained products (Table 

4.11and Fig. 4.17).  
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Figure 4.17 Mercury(II) ions adsorption capacity of MP-MCM-41 by each loading 

capacity of MP from each synthesis methods.  

From Fig. 4.17, the results show an increase in adsorption capacity for mercury(II) 

ions of the obtained adsorbents when the ligand loading capacity of the adsorbents 

increased. The adsorption efficiency of MP-MCM-41 is in the order: MP-MCM-

41(Graft-step) > MP-MCM-41(Graft-con) > MP-MCM-41(Step) > MP-MCM-41(Con), 

respectively. The highest adsorption efficiency was achieved by using MP-MCM-41 

prepared by Graft method using MCM-41(Step), despite of lower ligand loading capacity 

compared to adsorbents prepared by other methods. This is probably due to the presence 

of MP molecules mainly on the surface of MCM-41 which is highly active for adsorption 

of ions from solution. The significant reduction in surface area and pore size of MP-

MCM-41 (Graft-step) also confirm the modification of the ligand molecules on the 

surface of MCM-41. On the other hand, the ligand modified on solid by Con method and 

Step method may be present on the surface and also in the core structure of MP-MCM-41 

which are “inactive” for adsorption. From Fig. 4.17, the suitable adsorbent was MP-

MCM-41 (Graft-step) prepared by adding MPTMS 8.93 mmol MPTMS /g MCM-41. It 

was chosen after consideration of its high adsorption capacity and less amount of ligand 

added, compared to MP-MCM-41(Graft-step) prepared by adding 13.39 and 17.86 mmol 

MPTMS/g MCM-41. It also maintained the good order of crystalline structure of MCM-

41.  
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The most suitable synthesis method of adsorbents for mercury(II) ions adsorption 

in solution is Graft method using MCM-41(Step). For better comparison of the adsorption 

efficiency of the products, MP-MCM-41 containing equal amount of ligand loading were 

prepared.  

 

4.3.2 Comparison of mercury(II) ions adsorption efficiency of MP-MCM-41 

containing equal loading amount of 3-mercaptopropyl  
 
 The MP-MCM-41 containing approximately 1.0 mmol MP/g were prepared and 

characterized as discussed previously. The adsorption experiments were carried out using 

mercury(II) solution (210 mg/L) at pH 6. The results are shown in Table 4.12 and Fig. 

4.18.  
 
 

Table 4.12 Adsorption efficiency of MP-MCM-41 adsorbents containing approximately 

1.0 mmol MP/g  
 

Adsorbents 

 

Adsorption capacity 

(mg/g) 

Removal (%) 

 

 Normal MCM-41 (Step)    0.38 ± 0.10   0.18 ± 0.05 

Normal MCM-41 (Con)    0.24 ± 0.12   0.12 ± 0.06 

MP-MCM-41 (Step) 163.80 ± 1.70 78.75 ± 0.09 

MP-MCM-41 (Con) 121.22 ± 0.49 57.90 ± 0.56 

MP-MCM-41(Graft-step) 209.30 ± 1.20 99.97 ± 0.01 

MP-MCM-41 (Graft-con) 186.63 ± 1.11 88.85 ± 0.53 

             Mean ± S.D. (n=3) 

 

Figure 4.18 Mercury(II) ions adsorption of MP-MCM-41 containing approximately 1.0 

mmol MP/g (a) mercury adsorption capacity, (b) % removal.  
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The adsorption efficiency of adsorbents was correctly compared when the 

adsorbents had the equal amount of functional group. When the ligand content is the 

same, the adsorption capacity of the MP-MCM-41 adsorbents and the percentage of 

mercury(II) ions removal is in the order of MP-MCM-41 (Graft-step) > MP-MCM-41 

(Graft-con) >  MP-MCM-41 (Step) > MP-MCM-41 (Con). This result supports the results 

from topic 4.3.1.  

In conclusion, the most suitable method for synthesis of the adsorbent is chosen 

based on the following features: (i) the method should yield the adsorbents that have high 

adsorption capacity with reasonable amount of ligand loading and (ii) its crystalline 

structure is still preserved. The order of adsorption efficiency and loading efficiency are 

presented below; 

Ligand loading efficiency: Con method > Graft method using MCM-41 (Step) > 

Step method > Graft method using MCM-41(Con) 

Mercury(II) ions adsorption efficiency: Graft method using MCM-41 (Step) > 

Graft method using MCM-41(Con) > Step method > Con method 
 

Thus, the most suitable method for synthesis the adsorbents for mercury(II) ions 

adsorption in solution is Graft method using MCM-41 (Step).  

 

4.4 Adsorption study  

The effect of various parameters (i.e. pH, contact time, interfering ions) was 

studied. The MP-MCM-41 (Graft-step) prepared by adding of 11.47 mmol MPTMS/g 

MCM-41 and containing 1.0 mmol MP/g final product was chosen and used in this study.   

 
4.4.1 Effect of pH of mercury(II) ions solution 
 

The pH of solution could have strong influence on adsorption due to the presence 

of different species of mercury in solution at different pH (i.e. metal ions and/or metal 

hydroxide precipitate). The effect of pH on the mercury(II) ions adsorption on MP-MCM-

41 is shown in Table 4.13 and Fig. 4.19. 
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Table 4.13 Effect of pH on the mercury(II) ions adsorption by MP-MCM-41  

Initial pH 
 

Adsorption capacity 
(mg/g) 

Removal 
(%) 

pH at equilibrium 
 

1 126.01 ± 1.25 60.53 ± 0.01 3.18 ± 0.27 

2 143.26 ± 1.67 69.05 ± 0.41 4.67 ± 0.27 

3 173.54 ± 2.63 82.81 ± 0.01 6.48 ± 0.14 

4 192.63 ± 1.33 92.54 ± 0.01 6.89 ± 0.04 

5 204.39 ± 0.98 96.57 ± 0.83 7.35 ± 0.11 

6 210.13 ± 0.01 99.95 ± 0.10 7.55 ± 0.09 

7 209.48 ± 1.20 99.97 ± 0.01 7.66 ± 0.06 

8 210.20 ± 0.01 99.98 ± 0.01 8.06 ± 0.07 

 Mean ± S.D. (n=3)  
 

 
Figure 4.19 Effect of initial pH on mercury(II) ions removal (%) by MP-MCM-41. 
 

      
Figure 4.20 Mercury speciation diagram [90]. 
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The adsorption capacity of MP-MCM-41 and the percentage of mercury removal 

increased when the pH of solutions increased. Regarding the speciation of Hg, in solution 

at pH less than 4, the major species of mercury(II) ions are Hg2+ cations, while Hg(OH)2 

species dominate at pH higher than 4 as shown in Fig. 4.20 [90]. The mixture of cation 

and hydrolyzed species may be found at pH 4 to 6.  

When the pH of the solution is lower than the pKa value of the ligand (pKa = 10.6, 

[91]), the –SH groups on mercaptopropyl will be in neutral from (–SH) and will not 

dissociate to yield –S- groups. In the experiments, pH value of all solution was less than 

8. Thus, the end group of the functionalized molecules was in form of –SH. Different 

species of metallic complexes may occur when mercury(II) speciation was changed. The 

forms of mercury which are likely to interact with –SH groups are Hg2+, HgOH+, and 

Hg(OH)2. In this study, the following complexation reactions are proposed. 
 

          (4.8) 

         (4.9)   

        (4.10) 

 

When pH of solution is lower than pH 6 and the mercury(II) ions are in the forms 

of the Hg2+cations or HgOH+, their complexation with –SH groups may lead to the 

formation of positively charged complexes (eq.4.8 and 4.9), which require anions as 

counter ions. On the other hand, when the pH of solution is higher than 6, the 

complexation of the Hg(OH)2 involves the formation of a neutral complex (eq.(4.10)). 

The formation of positively charged complexes inside the mesoporous adsorbents could 

prevent its complete filling by mercury(II) ions. The obtained positively charged 

complexes located on the inside walls of the porous materials may act as an electrostatic 

barrier and limit the passage of positively charged species such as Hg2+ through the pores. 

Thus, the mercury (II) ions adsorption capacity at pH less than 6 could be lower than that 

observed at pH higher than 6.  

Regarding the speciation of mercury ions, when the initial pH was 1 and 2, the 

equilibrium pH could raise to pH 4.7 and the dominate species in the solution were Hg2+
 

cations and HgOH+. Mercury(II) ions adsorption capacity increased when the initial pH 

was higher than 3 due to the presence of Hg(OH)2 forms at equilibrium which are better 
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adsorbed on MP-MCM-41. In conclusion, the suitable pH for mercury(II) ions adsorption 

were the initial pH of 5 – 8 and the equilibrium pH of 7.55. 

 

4.4.2 Effect of contact time 
 

The adsorption, which occurs between liquid (solute) and solid (adsorbent) phase, 

have three main mechanisms as following: (i) bulk transport, (ii) film transport and (iii) 

intraparticle transport. The bulk transport usually occurs rapidly and the process of film 

and/or intraparticle transport is often the rate determining step for adsorption equilibrium. 

In this experiment, the effect of contact time was studied and the equilibrium time for the 

adsorption process was determined for the further experiments. The results of mercury(II) 

ions adsorption by MP-MCM-41 as a function of stirring time was shown in Fig. 4.21. 

 

Figure 4.21 Effect of stirring time on the mercury(II) ions adsorption capacity by MP-

MCM-41 (Graft-step). 

The adsorption efficiency increased with the increasing of contact time and 

reached the equilibrium after 20 min. The adsorption time of 120 min was chosen for the 

adsorption experiments to ensure the adsorption equilibrium. 

 

4.4.3 Effect of foreign ions 
 

The presence of ions other than mercury (II) ions may affect the adsorption of 

mercury(II) ions by the adsorbents due to the complex formation and/or the formation of 

insoluble compounds of mercury(II) ions with other ions especially. To evaluate the 

selectivity of adsorbents toward mercury(II) ions, the adsorption of mercury(II) ions was 
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performed in the presence of anions such as NO , SO and especially Cl−
3

−2
4

− that more 

appeared in petrochemical wastewater. The sodium salt of those anions was added to the 

mercury(II) ion solutions with a concentration of 0.1 or 1.0 M. The results are shown in 

Table 4.14. 

Table 4.14 Effect of foreign ions on the mercury(II) ions adsorption by MP-MCM-41  

Salts Adsorption capacity (mg/g) Removal (%) 

NaNO3 0.1 M 199.25 ± 0.78 96.04 ± 0.20 

NaNO3 1.0 M 192.45 ± 1.15 91.85 ± 0.02 

Na2SO4 0.1 M 195.06 ± 1.10 94.02 ± 0.13 

Na2SO4 1.0 M 193.95 ± 0.75 92.26 ± 0.36 

NaCl 0.1 M 157.90 ± 0.98 75.61 ± 0.23 

NaCl 1.0 M 123.18 ± 0.64 58.79 ± 0.11 

      Mean ± S.D. (n=3) 
 

The results show that the presence of NO  and SO  did not affect the 

mercury(II) ions adsorption capacity of adsorbent significantly, using pair t-Test. An 

increase in NO concentrations reduced the mercury(II) ions adsorption capacity 

significantly. Furthermore, the presence of Cl

−
3

−2
4

−
3

− (0.1 and 1.0 M) obviously reduced the 

mercury adsorption efficiency. It could be explained that Cl− in mercury(II) solution 

might form complex with mercury(II), giving different Hg-Cl species. Anions (NO , 

SO  and Cl

−
3

−2
4

−) can act as ligands to form different mercury(II) complexes species in 

solution with formation constants shown in Table 4.15. 

Table 4.15 Aqueous speciation reactions and equilibrium constants of Hg(II) ions [92, 93]

Reaction  log K  

Hg2+ + 2 H2O            Hg(OH)2 + 2H+ −6.19 

Hg2+ + H2O            HgOH+ + H+ −2.70 

Hg2+ + NO            HgNO +
3  −

3   0.45 

Hg2+ + Cl− + H2O            HgClOH + H+   3.23 

Hg2+ + Cl−            HgCl+   6.74 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4#tbl4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
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log K  Reaction  

Hg2+ + 2Cl−            HgCl2 13.22 

Hg2+ + 3Cl−            HgCl −3   14.07 

HgCl + Cl−
3

−           HgCl  −2
4 15.07 

Hg2+ + SO           HgSO−2
4 4   1.39 

Hg2+ + SO  + 2H−2
4 2O             Hg(OH)2SO  + 2H−2

4
+ −4.83a

a Conditional equilibrium constant (log K, ionic strength = 0.1) optimized by using the Hg(II)–SO4–quartz 

and Hg(II)–PO4–quartz system data.  

The presence of Cl− affected the removal efficiency of mercury(II) ions by MP-

MCM-41 significantly. It was found that the adsorption efficiency decreased by 

increasing the Cl− concentration from 0.1 to 1.0 M. The dominant mercuric species were 

also different in the solutions containing different concentration of Cl−. By calculation 

using the equilibrium constants in Table 4.15, the dominant mercuric species in 0.1 M 

NaCl solution were HgCl2, HgCl  and HgCl  while the major species found in the 1.0 M −
3

−2
4

NaCl solution was only HgCl [17]. The reduction of mercury adsorption efficiency in −2
4

0.1 M and 1.0 M NaCl solution reveals that the interaction of the species HgCl2, HgCl  
−
3

and HgCl with the ligand is less favorable than the other species (i.e. Hg(OH)−2
4 2, Hg2+).   

4.4.4 Adsorption isotherms 
 
 

The adsorption equilibrium between mercury(II) ions in aqueous phase and the 

obtained adsorbent in solid phase can be described by adsorption isotherms. The earliest 

and simplest adsorption isotherms are Langmuir and Freundlish isotherms. In this study, 

the adsorption behavior of the obtained MP-MCM-41 was described by using their 

isotherms. 

The Langmuir sorption isotherm is widely used to describe monolayer adsorption, 

when the adsorption occurs at specific homogeneous sites on the adsorbent and the 

adsorption can not further occur at that sites. In consequence, the adsorption capacity of 

the adsorbent is limited for the analytes. The equation of Langmuir isotherm is shown in 

equation 4.11 [94, 95]. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4fn1#tbl4fn1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4#tbl4
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m

e

m

e

q
C

bqq
C

+=
1        (4.11) 

 

where Ce  =  equilibrium concentration of the analyte in aqueous solution  

            (mg/L or mol/L) 

q   =  adsorption capacity of adsorbent (mg/g or mol/g) 

 qm =  maximum adsorption capacity of adsorbent (mg/g or mol/g) 

 b   =  Langmuir constant related to the affinity of binding sites 

           (L/mg or L/mol) 
 

The value of qm and b were obtained by the slope and intercept of the relation of 

linear plot of 
q

Ce  with Ce, respectively. In addition, the essential characteristics of 

Langmuir isotherm could be explained in terms of dimensionless constant separation 

factor of equilibrium parameter, RL as shown in equation 4.12 [95, 96]. The parameter RL 

indicated the type of isotherm as presented in Table 4.16. 

    
i

L bC
R

+
=

1
1         (4.12) 

 

where b  =  Langmuir constant related to the affinity of binding sites (L/mg or L/mol) 

 Ci =  initial concentration of mercury(II) ions in aqueous solution (mg/L or mol/L) 

  

 

 Table 4.16 RL value that associates with the type of isotherm 
 

Value of RL Type of isotherm 

RL > 1 

RL = 1 

0 < RL <1 

RL = 0 

Unfavorable 

Linear 

Favorable 

Irreversible 

 
The Freundlich isotherm is a model to predict the adsorption behavior of 

adsorbent based on adsorption on heterogeneous surface. The Freundlich isotherm is 

presented by the following equation [97]. 
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   enf CKq logloglog 1+=           (4.13) 
 
where K     =  Freundlich constant related to adsorption capacity (mg/g or mol/g) f

 n       =  the numerical value of Freundlich constant  

 K  and n can be determined from the intercept and slope relation of linear plot of 

log q with log C

f

e, respectively. 
 

 In adsorption isotherms study, the tested adsorbent was chosen from MP-MCM-

41 (Graft-step) prepared by using adding amount of 13.39 mmol MPTMS/g MCM-41. 

After that, the maximum adsorption capacity of the MP-MCM-41 was compared to the 

other materials reported by researchers. Then, it was also used in the study of reusability 

of MP-MCM-41, and tested with real wastewater samples. 

In this study, the adsorption experiments were performed using the mercury(II) 

ions solutions of concentration 40 – 420 mg/L having initial pH of 6.0 and a fixed amount 

of MP-MCM-41 (0.01 g/10 mL of mercury solution) at 25.0  ±  0.5 oC. The equilibrium 

had to be attained and the residual concentration of mercury(II) ions in solution was 

determined using CVAAS. The results are shown in Fig. 4.22 – 4.24.  

 

Figure 4.22 Adsorption isotherm of mercury(II) ions by MP-MCM-41(Graft-step) 

prepared with adding amount of 13.39 mmol MPTMS/g MCM-41.  

The results from Fig. 4.22 show that adsorption capacity (q) increased rapidly at 

low equilibrium concentration of mercury and reached a constant value. Then, the 

experimental data of mercury(II) ions adsorption were taken for linear plotting using 

Langmuir and Freundlich models (Fig. 4.23 and 4.24). 
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Figure 4.23 Langmuir isotherm plot of adsorption of mercury(II) ions by MP-MCM-

41(Graft-step) prepared with adding amount of 13.39 mmol MPTMS/g MCM-41.  

 

 
Figure 4.24 Freundlich isotherm plots of adsorption of mercury(II) ions by MP-MCM-41 

(Graft-step) prepared with adding amount of 13.39 mmol MPTMS/g MCM-41.  
 

The data obtained from Langmuir and Freundlich equations are shown in Table 

4.17 – 4.18, respectively.  

Table 4.17 Langmuir isotherm parameters at 25.0 ± 0.5 °C of MP-MCM-41(Graft-step)  

Linear equation 
 

R2

 
b x 105

(L/mol)
qm,cal 

(mmol/g)a
qm,cal  

(mg/g)a
qm,exp

(mg/g)b
RL

 

Y = 797.94x + 0.0021 0.999 3.799 1.25 251 250 0.00125 - 0.00349
a The maximum adsorption capacity obtained by the calculation. 

b The maximum adsorption capacity obtained by the experimental. 
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Table 4.18 Freundlich isotherm parameters at 25.0 ± 0.5 °C of MP-MCM-41(Graft-step)  

Linear equation 
 

R2

 
Kf  

(mol/g) 
Kf

(mg/g) 
1  
n 

n 
 

Y = 0.0449x + 0.1112 0.6528 1.29 258400 0.0449 22.27 
 

The correlation coefficients (r2) of the linear regression line of Langmuir isotherm 

was higher than 0.99 while that of Freundlich isotherm was 0.6528. This indicates that the 

adsorption of mercury(II) ions onto MP-MCM-41 fits to Langmuir model better than the 

Freundlich one. From the linear regression line fitted with Langmuir isotherm and 

reaching the saturation of adsorption capacity as shown in Fig. 4.22, those indicate the 

monolayer coverage and no further adsorption could occur [17, 64, 94, 95]. 

 

The calculated RL values (see in Table 4.17) was between 0.0013 and 0.0035, in 

range of 0< RL <1, indicating highly favorable adsorption of mercury(II) ions on MP-

MCM-41 [95, 96]. By the results corresponding to Langmuir relation, it could be assumed 

that the adsorption mechanism of mercury(II) on MP-MCM-41 are the chemisorption by 

coordination of MP group on MP-MCM-41 with mercury(II) ions and monolayer 

coverage on surface occurred [94, 95]. 
 

The maximum adsorption capacity of mercury(II) ions of MP-MCM-41(Graft-

step) in this thesis was 1.25 mmol/g. The maximum adsorption capacity of mercury(II) 

ions of the modified MCM-41 and SBA-15, and the other modified materials are shown in 

Table 4.19 and Table 4.20. 

 

Table 4.19  The adsorption capacity of the modified MCM-41and SBA-15 for mercury(II) 

ions removal 

Adsorption condition Adsorbents Type of organofunctionalized 

pH Time 
(min) 

A

Ref. 

Addssoorrppttiioonn  
ccaappaacciittyy  

((mmmmooll  //  gg))  
MCM-41  benzoylthiourea 

 
Not  40 5 [9] 

(Jaroniec, 2003)  

 
shown 
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Table 4.19  The adsorption capacity of the modified MCM-41and SBA-15 for mercury(II) 

ions removal (continued) 

Adsorption condition Adsorbents Type of organofunctionalized 

pH Time 
(min) 

A

Ref. 

Addssoorrppttiioonn  
ccaappaacciittyy  

((mmmmooll  //  gg))  
MCM-41 2-mercaptopyridine (MP) 

 
6 240 (Homo) 

0.12 
[10] 

(Sierra , 2006) 
  

  (Hetero) 
0.09 

 
MCM-41 2-mercaptothiazoline (MP) 

 
6 240 (Homo)   

0.70 
[11] 

(Sierra , 2006) 
   

(Hetero)  
0.25 

 
MCM-41 2-(3-(2-aminoethylthio)propylthio) 

ethanamine (AEPE) 
3 60 (Hetero)  

0.70 
[17] 

(Unob , 2008)  
   

 

 
SBA-15 

 
3-mercaptopropyltrimethoxysilane 

(MPTMS) 
Not  Not  0.40 [98] 

(Luan , 2005) 

 

shown shown 

  
Si SH

H CO
H CO
H CO

3

3

3

SBA-15  2-mercaptopyridine (MP) 
 

6 240 (Homo) 
0.16 

[10] 

(Sierra , 2006) 

  
  (Hetero) 

0.08 
 

SBA-15  2-mercaptothiazoline (MP) 
 

6 240 (Homo)   
1.10 

[11] 

(Sierra , 2006) 

   
(Hetero)  

0.12 
 

MCM-41  3-mercaptopropyltrimethoxysilane 
(MPTMS) 

6 
 
 

120 
 
 

1.25 This 
work 
 
 

  
       

 

Si SH
H CO

H CO
H CO

3

3

3

 

Homo = Synthesis by Graft method (homogeneous type) 

Hetero = Synthesis by Graft method (heterogeneous type) 
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Table 4.20 The maximum adsorption capacity of the other modified materials 

Adsorption condition Adsorbents Type of organofunctionalized 

pH Time 
(min) 

A

Ref. 

Addssoorrppttiioonn  
ccaappaacciittyy  

((mmmmooll  //  gg))  
Fluorohectorite 

clay  
3-mercaptopropyltrimethoxysilane 

(MPTMS) 
[76] 

(Mercier, 1998)   

Not  
 

shown 

1,080 0.74 

  

Si SH
H CO

H CO
H CO

3

3

3

Clay  2-mercaptobenzimidazole(MBI) 
 

[8] 

(Anirudhan, 2002)  

 

4 - 8 360 0.145-0.178 

  
Composite 
membranes  

Procion Brown MX 5BR 
 

[14] 

(Bektas, 2002) 

 

2 - 6 45 0.34 

  
Silica gel  3-mercaptopropyltrimethoxysilane 

(MPTMS) 
[78] 

(Cestari,1997) 

 

7 480 0.70 

  

Si SH
H CO

H CO
H CO

3

3

3

Silica gel  3-mercaptopropyltrimethoxysilane 
(MPTMS) 

[79] 

(Vieira,1997) 
 

Not  
 

shown 

Not  
 

shown  

0.40 

  

Si SH
H CO

H CO
H CO

3

3

3

Silica gel  dithizone 
 

[12] 

(Cestari,2004) 

 

6 30 0.32 

  
Silica gel  2-mercaptobenzimidazole(MBI) 

 
Not  Not  (Homo)  

1.42 
[13] 

(Alcantara, 2007) 

 
shown shown  (Hetero) 

1.35 
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Table 4.20 The maximum adsorption capacity of the other modified materials (continued) 

Adsorption condition Adsorbents Type of organofunctionalized 

pH Time 
(min) 

A

Ref. 

Addssoorrppttiioonn  
ccaappaacciittyy  

((mmmmooll  //  gg))  
Silica gel 2-(3-(2-aminoethylthio)propylthio) 

ethanamine (AEPE) 
3 60 (Hetero)  

0.79 
[17] 

(Unob, 2008)  
   

 

 
 

When compared the adsorption capacity of MP-MCM-41(Graft-step) to the other 

materials reported by other authors, the adsorbents prepared in this work has fairly good 

capacities for mercury(II) ions. Furthermore, the adsorption capacity of the MP-MCM-41 

(Graft-step) is higher than those of activated carbon (0.17 – 1.12 mmol / g) [77, 78, 79, 99], 

clay (0.32 – 0.62 mmol / g) [73, 74, 84, 86, 93, 100] and close to some of chelating resins 

(1 – 3.60 mmol / g) [54, 80, 81, 101]. 

 

4.5 Study of reusability of 3-mercaptopropyl functionalized MCM-41 
  

The step of regeneration of MP-MCM-41(Graft-step) was shown in Fig. 4.25. The 

experimental conditions for mercury(II) ions adsorption and desorption on 10 mg of MP-

MCM-41 were as followed; adsorption performed by using 10 mL of Hg2+ solution (210 

mg/L) at pH 6 with contact time of 2h and elution by 10 mL of  4% thiourea (v/v) in 0.1 

M HCl for 1 h [102, 103].  
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Figure 4.25 Mercury(II) ions adsorption- desorption cycle diagram. 

The experimental results were reported in terms of the percentage adsorption and 

desorption which were calculated by equation 4.14 and 4.15.  

Adsorption (%) =  
s

a

N
N x 100       (4.14) 

where    the adsorbed amount of metal ion from adsorbent (mg) =aN

   the starting amount of metal ion (mg) =sN

Desorption (%) =  
a

e

N
N x 100       (4.15) 

where    the eluted amount of metal ion from adsorbent (mg) =eN

   the adsorbed amount of metal ion on adsorbent (mg)  =aN

=aN   (the adsorbed amount of  metal ion) + (the residual amount of metal ion) 

            in each retention cycle              on adsorbent in those cycle  
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To evaluate the reusability of the MP-MCM-41, the percentage of adsorption and 

desorption in each cycle were calculated and shown in Table 4.21. 

 

Table 4.21 The percentage of adsorption and desorption of mercury in each cycle 

Cycle  Adsorption (%) Desorption (%)  

1 99.77 ± 0.01 98.55 ± 0.04 

2 98.23 ± 0.02 94.00 ± 0.04 

3 93.65 ± 0.29 83.44 ± 0.16 

4 83.18 ± 0.30 63.93 ± 0.26 

5 63.66 ± 0.48 35.30 ± 0.13 

6 35.16 ± 0.28 13.40 ± 0.05 

      Mean ± S.D. (n=3) 
 

(MP-MCM-41 prepared from Graft-step method by adding MPTMS 13.39 mmol/1g MCM-41.) 

 

In the first cycle, the spent MP-MCM-41 was regenerated and about 98.5% of the 

adsorbed mercury(II) ions was removed when it was treated with 4% thiourea (v/v) in 0.1 

M HCl for 60 min. It was observed that more than 80% of the adsorbed mercury(II) ions 

were desorbed within the first 20 min. 

The results from Table 4.21 show that the adsorption efficiency of MP-MCM-41 

decreased upon the successive adsorption-desorption steps. It decreased more than 50% at 

the 6th cycle. The desorption of mercury(II) ions as a function of cycle number was shown 

in Fig. 4.26. 

 

Figure 4.26 Reusability of MP-MCM-41 in mercury(II) ions removal. 
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From Table 4.21 and Fig. 4.26, the percentage adsorption of MP-MCM-41 was 

64% at cycle 5 while the percentage desorption was 35%. The adsorbent could be used up 

to 4 cycles before the adsorption capacity reduced to less than 50%.  

Despite of this dramatic capacity loss after 4th cycle of use, the MP-MCM-41 was 

still able remove mercury from solution and to reduce the mercury concentration in water 

to the acceptable concentration; it requires the addition of much larger amounts of solid 

particles in the medium to compensate the capacity loss. 

 

4.6 Application to real wastewater samples from refinery process 
 
 

Finally, MP-MCM-41 prepared by Graft-step method with adding amount of 

MPTMS of 13.39 mmol/1g MCM-41 was applied to remove mercury(II) ions in real 

wastewater samples from refineries. In this work, the wastewater and mud wash water 

from crude distillation units of refineries were collected, analyzed and used in the 

experiment of mercury(II) ions removal. 

The wastewater and mud wash water were filtered and the pH of sample solutions 

was measured. The concentration of mercury(II) ions in samples was analyzed by using 

CVAAS. The samples were digested as suggested in ASTM D3223-02 [87], USEPA 

7470A [88], and ASTM F885-88 [89] before the determination of the concentration of 

mercury. The results are shown in Table 4.22. 

 

Table 4.22 Mercury(II) ions adsorption of real wastewater by MP-MCM-41  

Sample 

source Sample pH 

Initial mercury 

concentration (μg/L)

Final mercury 

concentration (μg/L) 

Refinery 1 Plant 2 wastewater 8.91 89.2 ND 

  Plant 3 wastewater 8.30 54.7 ND 

Refinery 2 Plant 2 wastewater 8.45 47.1 ND 

  Plant 3 wastewater 6.86 50.4 ND 

Refinery 3 Plant 1 wastewater 7.24 46.1 ND 

  Plant 2 wastewater 7.52 100.7 ND 

Refinery 1 Mud wash water 7.65 1817.4 ND 

Refinery 2 Mud wash water 7.35 1578.4 ND 

Mean (n=2) 

ND = Non detectable, Limit of detection for mercury was 0.003  μg/mL   or  0.003 ppm. 
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Limit of detection (LOD) was determined by measuring ten samples of blank and 

calculated from: 

signal LOD   =  signal blank + 3 (S.D. of signal blank) 

Then the signal of LOD was compared to working standard curve. Limit of detection for 

mercury in our experiments was 0.003 μg/mL or 0.003 ppm. 

 

The result of mercury adsorption show the high percentage of mercury removal 

and the concentration of mercury(II) ions after completed adsorption had lower than the 

limit of detection in all sample. The results confirms that MP-MCM-41 could be applied 

to remove mercury(II) ions in the real wastewater from refinery. 

 



 

CHAPTER V 

  

CONCLUSION 

 
3-mercaptopropyl modified MCM-41 (MP-MCM-41) were successfully 

synthesized by three synthesis methods; (i) Conventional hydrothermal templated sol-gel 

method, (ii) Original stepped template sol-gel method, and (iii) Grafting method that was 

divided into Graft-con method and Graft-step method. The adding amount of ligand 3-

mercaptopropyl trimethoxysilane (MPTMS) was varied. The efficiency of the method in 

ligand loading on the adsorbents was evaluated and compared using loading capacity of 

the obtained MP-MCM-41. In the same range of adding amount of  MPTMS, the 

efficiency of the method in ligand loading followed the order Con method > Graft 

method using MCM-41 (Step) > Step method > Graft method using MCM-41 (Con).  

 

All the obtained MP-MCM-41 were characterized by X-ray diffraction 

spectroscopy, fourier transform infrared spectroscopy, surface area analysis and thermal 

analysis. The results from all techniques confirmed that MCM-41 could be modified with 

MPTMS and the hexagonal ordered structure was preserved. The adsorption efficiency of 

the obtained products were evaluated and compared. The order of adsorption efficiency of 

products followed MP-MCM-41 (Graft-step) > MP-MCM-41 (Graft-con) > MP-MCM-

41 (Step) > MP-MCM-41 (Con).  

 

The most suitable method for synthesis of the adsorbent was chosen based on the 

following features: (i) the method should yield the adsorbents that have high adsorption 

capacity with reasonable amount of ligand loading and (ii) its crystalline structure is still 

preserved. Thus, the most suitable method for synthesis the adsorbents for mercury(II) 

ions adsorption in solution is Graft method using MCM-41 (Step) 

 

The suitable condition for mercury(II) ions adsorption of MP-MCM-41 using 

batch system were pH of solution at 5 – 8. The adsorption equilibrium could be obtained 

after 20 min of contact time. The adsorption behavior of mercury on MP-MCM-41 at 

equilibrium could be described as monolayer adsorption according to Langmuir isotherm 



 
 

 
100 

 
model. MP-MCM-41 prepared by (Graft-step) method with adding amount of 13.39 

mmol MPTMS/MCM-41 had the maximum adsorption capacity of 1.25 mmol/g. By 

comparison with the other researches, the adsorption capacity of the MP-MCM-41 (Graft-

step) in this thesis is higher than those of SBA-15 [10, 11, 98], activated carbon [77, 78, 

79, 99], clay [73, 74, 84, 86, 93, 100] and close to some of chelating resins [54, 80, 81, 

101].  

 

Furthermore, the presence of Cl− (0.1 and 1.0 M) obviously reduced the 

mercury(II) removal efficiency of MP-MCM-41while NO  and SO  had less affected. 

This material could be reused at lease 4 cycles with good adsorption efficiency for 

mercury(II) ions. Finally, the obtained MP-MCM-41 was successfully applied to remove 

mercury from wastewater collected from refinery processes. 

−
3

−2
4

 
 

Suggestions for future work 

 - MP-MCM-41 from (Graft-step) synthesis method which is proved to be the best 

synthesis method in this thesis should be applied to remove other metal ions (i.e. Pd2+, 

Cd2+, Cr2+, Fe2+, Ag2+) from wastewater. 

 - MP-MCM-41 should be used in the removal of metal ions from other wastewater 

sources (such as pharmaceutical wastewater, metal fused industrial wastewater, paper and 

paint industrial wastewater, tap water, etc.) and the effect of heavy metal ions and cations 

on metal adsorption should be further studied. 

 - MP-MCM-41 has high affinity towards mercury(II) ions. Then, it may be 

applied to prepare the sensor for mercury(II) ions detection. 
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Table A1 Physical parameters of MCM-41 and MP-MCM-41 adsorbents measured by N2 adsorption-desorption isotherms 

BET result 

Sample Adding reagent Surface area (BET) (m2/g)  Total Pore volume (cm3/g) Pore diameter (nm) 
normal MCM-41 (Step)   1296 1.16 4.1 
MP-MCM-41 (Step) 5 %mol TEOS 831 0.64 3.3 
MP-MCM-41 (Graft-step) 4.46 mmol MPTMS/g 815 0.61 3.2 
normal MCM-41 (Con)  906 0.80 3.7 
MP-MCM-41 (Con) 5 %mol TEOS 843 0.71 3.5 
MP-MCM-41 (Graft-con) 4.46 mmol MPTMS/g 842 0.70 3.4 

normal MCM-41 (Step)   1251 0.99 3.9 
MP-MCM-41 (Step) 10 %mol TEOS 759 0.57 2.9 
MP-MCM-41 (Graft-step) 8.93 mmol MPTMS/g 750 0.55 2.9 
normal MCM-41 (Con)  887 0.78 3.6 
MP-MCM-41 (Con) 10 %mol TEOS 794 0.60 3.0 
MP-MCM-41 (Graft-con) 8.93 mmol MPTMS/g 787 0.58 2.9 

normal MCM-41 (Step)   1058 0.81 3.8 
MP-MCM-41 (Step) 15 %mol TEOS 701 0.53 2.6 
MP-MCM-41 (Graft-step) 13.93 mmol MPTMS/g 691 0.53 2.5 
normal MCM-41 (Con)  858 0.76 3.6 
MP-MCM-41 (Con) 15 %mol TEOS 728  0.54 2.7 
MP-MCM-41 (Graft-con) 13.93 mmol MPTMS/g 713 0.53 2.6 

normal MCM-41 (Step)   963 0.80 3.7 
MP-MCM-41 (Step) 20 %mol TEOS 670 0.35 2.1 
MP-MCM-41 (Graft-step) 17.86  mmol MPTMS/g 514 0.32 1.9 
normal MCM-41 (Con)   857 0.73 3.5 
MP-MCM-41 (Con) 20 %mol TEOS 690 0.43 2.2 
MP-MCM-41 (Graft-con) 17.86  mmol MPTMS/g 685 0.36 2.1 

       Mean (n=2)
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Figure A1 XRD patterns of 3-aminopropyl modified MCM-41 (Step) by variation of 

stirring time for gel formation (a) 15 min, (b) 30 min, (c) 60 min, and (d) 90 min. 

 

In this study, 3-aminopropyl modified MCM-41 was synthesized by Step 

method and prepared by adding 3-aminopropyltriethoxysilane 10 %mol APTES/ 

APTES+TEOS. The stirring time for gel formation was varied (15, 30, 60, 90 min). 

The AP-MCM-41 prepared by using 30 min of the stirring time for gel formation 

showed the highest order of crystallinity of the product. Then, the stirring time for gel 

formation of 30 min was used for synthesis of the adsorbents by Step method in this 

thesis. 
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TGA curve of adsorbents which were varied the adding amount of 
MPTMS from three synthesis methods 

 
Figure A2 TGA curves of normal MCM-41from Con method when template was 
not removed. 

 
Figure A3 TGA curves of normal MCM-41 from Step method when template was 
not removed. 
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Figure A4 TGA curves of normal MCM-41 from Con method.  

Figure A5 TGA curves of normal MCM-41 from Step method.  
      (TEOS adding = 5 %mol of TEOS /MPTMS+TEOS) 

 
Figure A6 TGA curves of normal MCM-41 from Step method.  

      (TEOS adding = 10 %mol of TEOS / MPTMS+TEOS)  
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Figure A7 TGA curves of normal MCM-41 from Step method.  

      (TEOS adding = 15 %mol of TEOS / MPTMS+TEOS) 

 
Figure A8 TGA curves of normal MCM-41 from Step method. 

      (TEOS adding = 20 %mol of TEOS / MPTMS+TEOS)  

 
Figure A9 TGA curves of MP-MCM-41 from Con method.  

      (MPTMS adding = 5 %mol of TEOS / MPTMS+TEOS) 
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Figure A10 TGA curves of MP-MCM-41 from Con method.   

        (MPTMS adding = 10 %mol of TEOS / MPTMS+TEOS) 

 
Figure A11 TGA curves of MP-MCM-41 from Con method.   

        (MPTMS adding = 15 %mol of TEOS / MPTMS+TEOS) 

 
Figure A12 TGA curves of MP-MCM-41 from Con method.  
                 (MPTMS adding = 20 %mol of TEOS / MPTMS+TEOS) 
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Figure A13 TGA curves of MP-MCM-41 from Step method. 

        (MPTMS adding = 5 %mol of TEOS / MPTMS+TEOS) 

 
Figure A14 TGA curves of MP-MCM-41 from Step method.  

        (MPTMS adding = 10 %mol of TEOS / MPTMS+TEOS) 

 
Figure A15 TGA curves of MP-MCM-41 from Step method. 

        (MPTMS adding = 15 %mol of TEOS / MPTMS+TEOS) 
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Figure A16 TGA curves of MP-MCM-41 from Step method.   
                    (MPTMS adding = 20 %mol of TEOS / MPTMS+TEOS) 

 
Figure A17 TGA curves of MP-MCM-41 from Graft-con method. 

        (MPTMS adding = 4.46 mmol of MPTMS / 1 g MCM-41) 

 
Figure A18 TGA curves of MP-MCM-41 from Graft-con method. 

        (MPTMS adding = 8.93 mmol of MPTMS / 1 g MCM-41) 
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Figure A19 TGA curves of MP-MCM-41 from Graft-con method. 

        (MPTMS adding = 13.39 mmol of MPTMS / 1 g MCM-41) 

 
Figure A20 TGA curves of MP-MCM-41 from Graft-con method. 

        (MPTMS adding = 17.86 mmol of MPTMS / 1 g MCM-41) 

 
Figure A21 TGA curves of MP-MCM-41 from Graft-step method. 

        (MPTMS adding = 4.46 mmol of MPTMS / 1 g MCM-41) 
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Figure A22 TGA curves of MP-MCM-41 from Graft-step method. 

        (MPTMS adding = 8.93 mmol of MPTMS / 1 g MCM-41) 

 
Figure A23 TGA curves of MP-MCM-41 from Graft-step method.   

        (MPTMS adding = 13.39 mmol of MPTMS / 1 g MCM-41) 

 
Figure A24 TGA curves of MP-MCM-41 from Graft-step method.   

        (MPTMS adding = 17.86 mmol of MPTMS / 1 g MCM-41) 
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TGA curve of adsorbents which have the equal amount of MP on 
adsorbent from three synthesis methods  

Figure A25 TGA curves of normal MCM-41 from Con method.  
        (TEOS adding = 10.40 %mol of TEOS / MPTMS+TEOS) 

 
Figure A26 TGA curves of normal MCM-41 from Step method.  

        (TEOS adding = 12.17 %mol of TEOS / MPTMS+TEOS) 

 
Figure A27 TGA curves of MP-MCM-41 from Con method.   

        (MPTMS adding = 10.40 %mol of MPTMS / MPTMS+TEOS) 
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Figure A28 TGA curves of MP-MCM-41 from Step method.   

        (MPTMS adding = 12.17 %mol of MPTMS / MPTMS+TEOS) 

 
Figure A29 TGA curves of MP-MCM-41 from Graft-con method. 

        (MPTMS adding = 13.28 mmol of MPTMS / 1 g MCM-41) 

 
Figure A30 TGA curves of MP-MCM-41 from Graft-step method. 

        (MPTMS adding = 11.47 mmol of MPTMS / 1 g MCM-41)  
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TGA curve of adsorbents which have the equal amount of octyl 
group on adsorbent from three synthesis methods  

Figure A31 TGA curves of normal MCM-41 from Con method.   
        (TEOS adding = 10.40 %mol of TEOS / Triethoxyoctylsilane +TEOS) 

 
Figure A32 TGA curves of normal MCM-41 from Step method.     

        (TEOS adding = 12.17 %mol of TEOS / Triethoxyoctylsilane +TEOS) 

 
Figure A33 TGA curves of (C7H2CH3)-MCM-41 from Con method.  
(Ligand adding = 10.40 %mol of Triethoxyoctylsilane / Triethoxyoctylsilane+TEOS) 
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Figure A34 TGA curves of (C7H2CH3)-MCM-41 from Step method.   
(Ligand adding = 12.17 %mol of Triethoxyoctylsilane / Triethoxyoctylsilane+TEOS) 

 
Figure A35 TGA curves of (C7H2CH3)-MCM-41 from Graft-con method. 

        (Ligand adding = 13.28 mmol of Triethoxyoctylsilane / 1 g MCM-41) 

 
Figure A36 TGA curves of (C7H2CH3)-MCM-41 from Graft-step method. 

        (Ligand adding = 11.47 mmol of Triethoxyoctylsilane / 1 g MCM-41)  
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Table A2  Effect of stirring time in the mercury(II) ions adsorption by MP-MCM-41 

(Graft-step)  
 

          Mean ± S.D. (n=3) 

Stirring Time (min) Adsorption capacity (mg/g) Removal (%) 

2 192.02 ± 2.36 91.36 ± 0.02 

5 195.88 ± 0.72 93.21 ± 0.03 

10 201.57 ± 1.14 96.55 ± 0.03 

20 206.23 ± 1.50 97.80 ± 0.03 

30 208.76 ± 1.62 99.00 ± 0.03 

40 209.13 ± 0.91 99.18 ± 0.08 

60 209.26 ± 1.12 99.24 ± 0.12 

90 209.64 ± 0.06 99.76 ± 0.03 

120 209.66 ± 0.02 99.77 ± 0.01 

150 209.69 ± 0.03 99.78 ± 0.01 

 

 

Table A3 Adsorption isotherm results for mercury(II) ions adsorption by MP-MCM-

41(Graft-step) prepared with adding amount of 13.39 mmol MPTMS/g MCM-41 

Ce (mg/L) Adsorption capacity (mg/g) 

0.26 ± 0.01 149.82 ± 0.01 

0.27 ± 0.01 178.05 ± 0.01 

0.28 ± 0.01 197.90 ± 0.01 

0.29 ± 0.02 209.82 ± 0.02 

0.47 ± 0.01 218.14 ± 1.25 

1.10 ± 0.07 228.39 ± 1.38 

5.79 ± 0.66 233.56 ± 0.68 

15.13 ± 0.11 233.59 ± 1.24 

43.82 ± 0.89 236.43 ± 0.89 

55.71 ± 0.95 244.45 ± 0.95 

98.01 ± 0.52 249.01 ± 1.29 

127.23 ± 1.23 250.34 ± 0.40 

150.78 ± 1.87 250.33 ± 1.24 

169.19 ± 1.84 250.46 ± 0.39 

Mean ± S.D. (n=3) 

The initial concentration of mercury(II) ions solution was varied from 40 – 420 mg/L.   
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