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ABSTRACT 

The development of new functionalized materials with increased performance is growing to meet 

the regulatory standards in response to public concerns for environment. This dissertation is an 

effort in this direction and describes the synthesis, characterization, and application of various 

functionalized silica hybrids keeping the perspective of recent technological advancements. The 

objective of present research is mostly driven by inadequate control of increasing concentration 

of toxic pollutants in environmental compartments. The synthesized functionalized hybrids are 

expected to find progressively their place as economical adsorbents. 

The direct method adopted for the synthesis of Mesoporous Silica and its functionalized hybrids 

offers advantage of providing uniform surface coverage and better control of the amount of 

incorporated organic moiety. The synthesized products are grouped as Mesoporous Silica (SBA-

15, MSU-H), Monodispersed ORMOSILS (VO, PO, MO), Functionalized Silica Hybrids (AS, 

GS, MS, VS, PS, AM, GM, MM, VM, PM), and Polysulfone Mixed Matrix Membranes (PM-15, 

PM-H, PM-VO, PM-PO, PM-MO). 

The resulting hybrid materials are thoroughly characterized to determine the surface and bulk 

properties and to develop understanding of intricate relationship of structural artifacts with its 

functionalities as adsorbents. The characteristics Si–O–Si stretching vibration bands at 1047cm
-1

 

for Mesoporous Silica is identified on ATR-FTIR. The peculiar hexagons image is scanned 

under SEM. Further, the distribution of Si, O, and C element to locate the binding sites on 

fabricated membranes is clearly demonstrated through Mapping. The surface area of 521-580 

m²/g is calculated by BET for Mesoporous Silica. The thermal stability is assessed by TG/DTA 

analysis. The synthesized Mesoporous Silica based hybrids were subjected to 
13

C and 
1
H NMR 

studies and possible structure is deduced. 

The selection of novel adsorbents with multiple and diverse application range is a challenge. In 

the same spirit, the functionalized silica based hybrids are applied in batch mode for the removal 

of toxic species prevalent in air (N2, Polycyclic Aromatic Hydrocarbons-PAHs), soil and water 

(metal cations of Hg, As, Cr, Pb, and nitro-, amino-phenols). Each adsorbent demonstrates the 

removal efficiency for these pollutants. The qualitative performance scale of each adsorbent is 

characterized as Excellent for Chromium, Very good for Lead, Good for Arsenic and fairly good 

for Mercury. A general comparison of silica based hybrids as adsorbents for the removal of 



ix 

 

PAHs and Phenols highlight the different efficacy extent. Phenols are observed to take the lead 

by showing more adsorption than PAHs. Larger molecular weight and fused aromaticity likely 

appear as hindrances to better retention of selected PAHs.  

It is concluded that Mesoporous silica better retains the liquid pollutants (metals, phenols) 

attributed to its larger surface area. Desorption for SBA-15 and MSU-H follows Type IV and 

Type I hysteresis, respectively. It is reported here that –phenyl and –methacrylate substituted 

ORMOSILS (PO and MO) did not construct the breakthrough curve and deformed because of 

non-sustainability under the applied temperature-pressure conditions.   

It is generally concluded from the results that basic silica framework offers good adsorptive 

properties. Further, adsorption in functionalized hybrids is facilitated through binding sites 

provided by organic moiety. The present study, thus, proposes a decontamination model for 

pollutants ranging from metal cations to gases. The efficient removal with regeneration capacity 

offer direct compliance to 3R principles. That is to Reduce (pollutants), Reuse and Recycle 

(functionalized hybrids/membranes). It is expected that these materials will help to reduce the 

pollution load on the environment. 

The possibility for commercialization of mixed matrix membrane is also important output of this 

research. The application of these materials in existing industrial processes is another avenue to 

find niches for applications in advanced waste water treatment technologies with no comprise on 

improved industrial production and sustainable environment.   
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CHAPTER I - INTRODUCTION 

1.1. Preamble 
Mesoporous silica materials have received a great attention due to diverse and useful 

applications ranging from adsorbents for contaminants and as catalysts support. Natural 

environment has been a subject of various effects of chemicals emitted during anthropogenic as 

well as natural processes. The accumulation of these activities is generating global 

environmental changes. Moreover, population boost and technological advancements has 

challenged environmental safety (Rahmani and Rezaei, 2007; Rahman et al., 2010). Therefore, 

recognition of pollutants and prevention of their environmental dispersions are one of the 

necessities in this field, and consequently pollution prevention methods must be specified. 

Treatment technologies emerged to decrease the harmful effect on the environment and the 

industrial discharge without negative consequences. The wastewater treatment technologies have 

strong future perspectives.   

Mesoporous materials during the last decade have been widely explored for applications in 

environmental remediation. Novel families of porous solids having fascinating regular 

mesostructure, high specific surface areas, thermal and mechanical stability, high adsorption 

capacity and wide possibilities of functionalization (Hoffmann et al., 2006; Wan and Zhao, 2007; 

Sanchez et al., 2008; Kresge et al., 1992; Beck et al., 1992; Stein et al., 2000; Sayari and 

Hamoudi, 2001;  Soler-Illia et al., 2002; Lebeau et al., 2004;  Liu et al., 2003; Kickelbick, 2004; 

Vinu et al., 2005; Corriu et al., 2005; Hatton et al., 2005; Fryxell, 2006; Fryxell et al., 2007; 

Lebeau et al., 2009) were testified. 

Silica-based organic-inorganic hybrid (Biernat et al., 1994;  Tavlarides and Lee, 2001; Jal et al., 

2004; Im et al., 2006) and, more recently, ordered Mesoporous organosilica materials developed 

as adsorbents for sequestering pollutants such as heavy metal ions, metalloids, inorganic anions, 

phenolic compounds, polyaromatic hydrocarbons, pesticides, and dyes from water samples 

(Stein et al., 2000; Mercier and Bell, 2000; Kim and Yi, 2004; Jaroniec and Olkhovyk, 2006; 

Burleigh and Dai, 2004; Fryxell et al., 2005). However, for such environmental applications, 

Mesoporous silica materials do not exhibit specific binding sites. Accordingly, immobilization of 

suitable functional groups in the mesopores (Yoshitake, 2005; Sayari and Hamoudi, 2001) is 
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carried out by either using a functionalized silane, co-condensing a silane with silica source, or 

post modification of Mesoporous silica. 

The earliest functionalized Mesoporous materials such as propylthiol-modified MCM-41 (Liu et 

al., 1998) and Hexagonal Mesoporous Silica (HMS) (Mercier and Pinnavaia, 1998) silica were 

devoted dealing with adsorption of metallic species primarily cations from wastewater. Among 

the many silica mesophases, SBA-15 has attracted much attention as a promising material and 

ideal support to introduce different functionalities (-NH2, -SH, -S-, etc.) toward the development 

of adsorbents suitable  not only for the removal of heavy metals (Liu et al., 2000a; Liu et al., 

2000b; Zhao et al., 2011;  Bruzzoniti et al., 2007; Zhang et al., 2007;  Aguado et al., 2008;  

Aguado et al., 2005;  Pérez-Quintanilla et al., 2006;  Da'na and Sayari, 2011;  Da'na et al., 2011;  

Da'na and Sayari, 2010), but also for catalysis (Cheng et al., 1999; Kim et al., 2000; Wang et al., 

2006), adsorption of biomolecules (Katiyar et al., 2006) CO2 (Zeleňák et al., 2008) and proteins 

(Han et al., 1999; Washmon-Kriel et al., 2000).  

The research development is continuously motivated by the need to pursue novel adsorbents with 

improved efficiency and performance with respect to some particular applications. The available 

materials exhibit numerous advantages and disadvantages at the same time. An effort for 

selection of an ideal adsorbent fulfilling all optimal features (very high capacity, perfect 

selectivity, long-term durability, good mechanical stability, fast uptake, easy regeneration on 

multiple adsorption-desorption cycles, low cost, low toxicity) for a particular application  

remains exploratory.  

The present research is an endeavor to describe a novel approach to incorporate functionality 

onto the pore surfaces of silica based materials. Further, the scope of research is directed at the 

application of these hybrid materials for dissecting the pollutants representative of air, water and 

soil compartments for remediation. This also promises development of new technological 

hybrids in comparison to commercial sol-gel products. 

1.1.1. Mesoporous Silica 

The uniform inner mesoporosity, ease of chemical modification and biocompatibility (Hudson et 

al., 2008; Slowing et al., 2007) of Mesoporous silica governed via weakly acid silanol groups 

provide not only excellent intrinsic properties, such as low toxicity, excellent chemical stability 
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and versatile functionalization chemistry, but also have the capability of being integrated with 

other nanomaterials (Piao et al., 2008) as hybrids. 

In 1990, Kuroda and coworkers (Yanagisawa, 1990) first reported the preparation of Mesoporous 

silica with uniform pore size distribution designated as FSM-16 (Folded Sheet Materials). In the 

following year, family of MCM-X (Mobil Crystalline of Materials) synthesized by Mobile 

Corporation laboratories was reported by Kresge et al., and  Beck et al.,1992.  This became the 

starting point of a new research field and series of Mesoporous silica with different pore 

structures followed. The hexagonally ordered cylindrical pores of MCM-41 and MCM-48 with 

cubic pores are two examples. 

Another series of SBA-X (Santa Barbara Amorphous) synthesized with non-ionic triblock 

polymers is reported by Zhao et al., 1998 (a, b), where X corresponds to a specific pore structure. 

SBA-15 has hexagonal cylindrical pores while SBA-16 has spherical pores arranged in a body 

centered cubic structure. Other important families of Mesoporous silica are MSU (Bagshaw et 

al., 1995), KIT (Ryoo et al., 1996), FDU (Yu et al., 2000), HMS (Tanev and Pinnavaia, 1995), 

and AMS (Che et al., 2003).  

The general preference of these Mesoporous materials (Kruk et al., 2000) is possibly due to 

introduction of a wide variety of functional groups onto the surface (Yoshitake, 2005; Sayari and 

Hamoudi, 2001). Furthermore, the open pore structure of ordered mesoporous materials allow 

better accessibility and transfer of molecular species compared to bottleneck pores of amorphous 

materials, which hinder molecular diffusion and accessibility to the functional groups (Walcarius 

et al., 2003). 

The tailoring of materials with the required attributes is accomplished through synthesis. 

Different approaches include low temperature (rarely above 373 K) (Zhao et al., 1998), synthesis 

under ambient conditions to self-assemble a polymer-templated silica. The time required was as 

short as 5-20 hours in case of conventional (Bagshaw, 1995; Kwon et al., 1999), 2 hours or less 

for microwave-assisted hydrothermal (Newalkar et al., 2001; Newalkar et al., 2000) and several 

seconds when synthesis occurred in evaporation-induced self-assembly (Lu et al., 1999). 

However, until recently all of the reported oligomer- and polymer-templated syntheses of 

Mesoporous materials required expensive inorganic precursors, such as tetraethyl orthosilicate. 

In an effort to develop cost-effective approaches for synthesis, H2SiF6 and sodium silicate were 
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proposed by (Kwon et al., 1999 and Sierra and Guth, 1999) as alternate precursors to produce 

silica without compromising the ability to tailor the morphology of porous silica particles 

(Boissiere et al., 2000) via temperature (298 to 333 K) control (Kim et al., 2000), or addition of 

metal salts (Zhang et al., 1999).  

1.1.2. Functionalized Mesoporous Silica Hybrids 

Another developmental aspect of Mesoporous silica materials is the incorporation of organic 

components either, on the silicate surface, inside the silicate wall, or trapped within the channels 

to permit the tuning and modification of bulk properties and at the same time stabilizing the 

materials towards hydrolysis. The resultant hybrids exhibited high catalytic activity (Rhijin et al., 

1998) and increased binding to guest molecules. This is due to dual contribution in a hybrid; 

where mechanical, thermal and optical properties are due to inorganic species and organic 

moiety provides flexibility, toughness and hydrophobicity. Thus, organic-inorganic hybrid 

materials have desired combinations of both components.  

In recent years, design and preparation of organic–inorganic hybrid materials have attracted 

considerable attention in the chemical synthesis (Wight and Davis, 2002; Park et al., 2007; Stein 

et al., 2000; Inagaki et al., 2000). The post-synthesis grafting method involves modification of 

the pre-fabricated Mesoporous material with organosilane compound after surfactant removal. In 

another method, tetraalkoxysilane and organo-alkoxysilane are directly co-condensed with Si-C 

bonds through sol-gel process. Co-condensation has been demonstrated using ionic (Fowler et 

al., 1997; Goletto et al., 1999; Corma et al., 1998) neutral surfactant (Macquarrie et al., 1996; 

Koya and Nakajima, 1998; Richer and Mercier, 1998) and non-surfactant templates (Wei et al., 

2000; Feng et al., 2000). The synthesis of monodisperse surface-modified silica spheres often 

include different alkoxysilanes (Si-OR), where R varies from methyl to vinyl (Uricanu et al., 

2004; Wu et al., 2007; Lee et al., 2007). 

The direct method offers advantage of providing uniform surface coverage in a single step and 

better control over the amount of organic groups incorporated in the structure. This route also  

enables high reactivity, better purity, avoidance of corrosive by products, improved control of  

product structure and is an easy, cost-effective and excellent way to incorporate inorganic 

compounds into an organic one (Brinker and Scherer, 1990; Philipp and Schmidt, 1984; Schmidt, 

1984).  
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Organic-inorganic hybrids represent an important class of synthetic engineering materials. The 

combination of properties of individual components and development of new properties on 

hybridization opened a fast expanding area of research having diverse applications (Wang et al., 

2003 a; Wang et al., 2003 b; Wang et al., 2005; Wang et al., 2007). These Hybrids have 

progressively found their place as economical adsorbents with significant synthetic advances and 

technological development.  

1.2. Problem Statement 
The development of present research draws its essence from the increasing concentration of 

diverse toxic pollutants in different compartments of the environment. Further, there is a 

continuous effort to synthesize materials with multidimensional properties. The present research 

focuses on preparation of specialized materials based on silica (abundantly available natural 

precursor) with specific property to adsorb pollutants and can also be accepted as economical 

and efficient substitute to conventional adsorbents. The preference of silica over other materials 

for preparation of Hybrid materials is based on the fact that silicates reveal many advantages. 

 Silica is transparent and does not scatter light. Silica show low optical loss in 

comparison to zirconia or titanium in its rutile phase.   

 Silica has very high thermal resistance (Lygin, 1994). 

 Organic-inorganic hybrids are preferred as attachment on silica surface is easier due to 

high number of cross-linking bonds (Arakaki et al., 2000). 

 Immobilization of organic functional groups in the inorganic framework (Buszewski et 

al., 1998; Mottola and Steimetz, 1992; Arakaki et al., 2000) of silica renders more 

stability. 

1.3. Objectives of Study 
The functionalized silica hybrids are synthesized in the present work to explore the opportunities 

for optimal route of synthesis based on advantages and disadvantages of each route, and  factors 

(choice of precursor and surfactant) affecting the structure-activity properties and adsorption 

efficiency. The pore size adjustment and tailoring of textural porosity is made by controlling the 

synthesis temperature.  
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The resulting hybrid materials are thoroughly characterized to determine the surface and bulk 

properties of each material. X-ray diffraction (XRD) is employed for crystal structure phase 

identification.  Surface morphology is scanned on SEM/EDX with grain boundary interphase 

study under TEM.  The successful incorporation of functional groups in the synthesized hybrids 

is assessed from FTIR analysis and complimented with NMR studies. Further, calculations of 

BET surface area and pore size distribution is also examined. Investigation of thermal stability of 

synthesized materials is an important objective to propose the working temperature of any 

adsorbent. For this purpose, TG, DTG and DTA measurement is made.       

The overall objective of complete characterization is to understand the relationship of structural 

artifacts of hybrids with its functionalities as adsorbents.  

Finally, the functionalized silica hybrids are employed as model adsorbents to study the uptake 

of different pollutants. The results of this fundamental adsorption study are reported and their 

practical implications are briefly discussed. 

The specific objectives of present study are laid as: 

 Synthesis of functionalized silica hybrids to explore diverse combinations of inorganic 

and organic components for the formation of hybrid materials. It is expected further that 

these hybrids will generate novel composition–property relationships.   

 Development of synthesized hybrids as adsorbents for environmental remediation. The 

emerging improvement in adsorption process as a separation and purification technique is 

the driving force to explore new adsorbents with improved adsorbing properties. With 

this perspective, the main remediation applications are directed at:   

 Sequestration of nitrogen 

 Removal of toxic organics  via adsorption from contaminated water, and 

 Adsorption of heavy metal ions as pollutants 

 Regeneration efficiency of functionalized silica hybrids  

 Fabrication of mixed matrix membrane to evaluate the commercial viability of applied 

adsorbents. This is envisaged that bench scale results can successfully be applied for 

industrial applications.   
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1.4. Significance of Study 
The present study reports novel method of synthesis for Mesoporous silica and functionalization 

with a range of organic moiety. The development of mixed matrix membrane is also attempted. 

The highlights of multidimensional significance are summarized below:  

Functionalized silica hybrids are of growing interest in the field of nanotechnology. An 

important source of impetus for research is the potential application of these materials in 

environmental remediation as efficient adsorbents. The demand for highly ordered symmetry is 

successfully achieved through functionalization of Mesoporous silica with organic moiety.  

 Use of economical, sodium silicate (as silica source) with respect to TEOS and TMOS 

provides cost-benefit analysis. It is also preferred for the following reasons: 

(a) Low cost of sodium silicate 

(b) Ability to provide framework to wide variety of organic moieties with characteristics 

like unsaturation, presence of heteroatom in cyclic and acyclic structures. 

(c) Ability to adsorb environmental pollutants. 

 The development of this work will be significant in providing a novel perspective to 

organic-inorganic hybrids synthesis in which adsorptive properties can be explored to 

develop an understanding of relationship between organic unit of hybrid and its 

adsorption characteristics.  

 This also proposes a decontamination model for the pollutants ranging from metal cations 

to gases. The efficient removal (comparable to conventional adsorbents) with 

regeneration capacity offer direct compliance to 3R principles. That is to Reduce 

(pollutants), Reuse and Recycle (functionalized hybrids/membranes). It is expected that 

these materials will help to reduce the pollution load on the environment. 

 The possibility for commercialization of mixed matrix membrane is also important output 

of this research. The application of these materials in existing industrial processes is 

another avenue to find niches for applications in advanced waste water treatment 

technologies with no compromise on improved industrial production and sustainable 

environment.   
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CHAPTER II - SYNTHESIS OF FUNCTIONALIZED 

MESOPOROUS SILICA HYBRIDS 

This dissertation reports on the synthesis of Mesoporous silica and its development as adsorbent 

for environmental pollutants remediation. The synthesis procedure is based on the reported 

protocol with novel modifications. An attempt is made to synthesize materials with change of 

surfactant and precursor to study its effect on structural properties of Mesoporous materials. 

Synthesis of different materials is conveniently classified into five groups:  

 Group A comprises of Mesoporous Silica (SBA-15, MSU-H) 

 Group B is Monodispersed ORMOSILS (VO, PO and MO) 

 Group C defines class of Functionalized Silica Hybrids (AS, GS, MS, VS, PS, AM, GM, 

MM, VM, PM) 

 Group D consists of Polysulfone Mixed Matrix Membranes of Mesoporous Silica (PM-

15, PM-H) 

 Group E defines Polysulfone Mixed Matrix Membranes of Monodispersed ORMOSILS 

(PM-VO, PM-PO, and PM-MO) 

2.1. Synthesis of Mesoporous Silica (Group A) 
In the present investigation, Mesoporous silica was synthesized following the protocol of Kim et 

al., 2010. Two modifications are designed for synthesis. The surfactant Pluronic P104 replaces 

the Pluronic (P123); and Tetramethylorthosilicate (TMOS) and Sodium silicate solution are used 

as precursor for the synthesis. The products synthesized are coded as SBA-15 and MSU-H. The 

procedure layout presented in Scheme I describes as follows: 

(a) Synthesis of SBA-15 

 Non-ionic surfactant Pluronic P104 (7.0 g) was added to 1.6 M HCl (273.0 g) with continuous 

stirring for 1 hour at 55°C. Tetramethylorthosilicate (TMOS, 10.64 g) was added and stirred for 

an additional 24 hours. The resulting mixture was hydrothermally treated at 150°C in a high-

pressure reactor. Upon cooling to room temperature, the white solid was collected by filtration, 
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washed with copious amounts of methanol and dried in air. The dried product was calcined to 

550°C at a ramp rate of 1.5°C min
-1

 for 6 hours (Kim et al., 2010) to remove excess surfactant. 

(b) Synthesis of MSU-H 

MSU-H was synthesized using 7.26 g of P104, 300 mL of water and 30 mL of acetic acid. The 

mixture was stirred at room temperature for 1 hour, followed by drop-wise addition of 8.84 mL 

of sodium silicate solution. The solution was aged at 60°C for 20 hours, filtered and washed with 

water. The solid product was oven dried and calcined at 600°C for 4 hours (Kim et al., 2001).  

2.2. Synthesis of Monodispersed ORMOSILS (Group B) 
Three different organosilanes were subjected for the development of monodispersed 

ORMOSILS, by solvent less method highlighted in Scheme II. This method proposes an 

environment friendly and economical procedure of ORMOSILS, based on the approach of 

solvent less synthesis. Furthermore, no precursor and surfactant is required for the synthesis.  

In a typical procedure of sol–gel reaction in aqueous solution, monodispersed spherical colloids 

of hybrid silica were synthesized. For this purpose, 3 mL of organosilane (with each organic 

moiety, separately) was added in 50 mL H2O under vigorous stirring for 2 hours to completely 

dissolve the organic droplets. The transparent solution obtained was treated with 0.2 mL 

ammonia to initiate the nucleation and allowed to proceed with stirring for 1 hour. The resulting 

particles were separated from the reaction medium by repeated centrifugation (3000 rpm) and 

ultrasonic dispersion (using ethanol) cycles. The hybrid silica spheres were dispensed in ethanol 

for further usage.  This procedure was adopted for organic moieties of 3-

Methacryloxypropyltrimethoxysilane (MPTMS) and Vinyltrimethoxysilane (VTMS). However, 

functionalization with Phenyltrimethoxysilane (PTMS), Tween 20 (1.5 mL) was also added 

(Deng et al., 2009) to the reaction mixture of aqueous organosilane for dissolution of phenyl 

moiety.  

It is also reported, here, that synthesis of ORMOSILS with 3-Aminopropyltrimethoxysilane, and 

3-Glucidoxypropyltrimethoxysilane was not successful as nucleation was not observed on 

addition of ammonia solution to the reaction mixture. It suggests nucleation could be 

manipulated by changing the reaction conditions.     
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Synthesis of Mesoporous Silica (Group A) 

SBA-15                                                                     MSU-H 

                 

 

 

 

 

 

 

 

 

 

 

 

P104 HCl 

Stir at 55°C; 1 hour 

Add TMOS 
Stir (24 hours; 55°C) 

 

Hydrothermal Treatment 
at 150°C for 24 hours in 
High Pressure Reactor 

Cooling at Room Temp. 
Filter, Wash with Methanol; 

Air Dried 

Calcination at 550°C for 6 hours 

P104 CH3COOH H2O 

Stir at Room Temp. 

Add Na
2
SiO3 drop wise 

Stir (1 hour, RT) 
 

Aging at 60°C for  
20 hours  

Cooling at Room Temp. 
Filter, Wash with Water; 

Dried at 100°C for 24 
hours 

Calcination at 600°C for 4 hours 
 

End Products 

 

 Scheme 2.1: Layout for Synthesis of Mesoporous Silica (Group A) 
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Synthesis of Monodispersed ORMOSILS (Group B) 

 

 

 

 

 

 

 

 

 

 

 

 

Organosilane H2O 

Vigorous Stirring (300rpm) 2 hours 

Add Ammonia solution 
Stir (1 hour; RT) 

 

Centrifuge the resulting 
Mixture at 3000rpm 

Repeated Ultrasonic 
dispersion with Ethanol 

Air Dried at RT for 24 hours 

End Products: 

 

 
Scheme 2.2: Layout for Synthesis of Monodispersed ORMOSILS (Group B) 
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2.3. Synthesis of Functionalized Mesoporous Silica Hybrids (Group C) 
Each of the synthesized Mesoporous silica (SBA-15 and MSU-H) was subjected to 

functionalization with organosilanes having five different organic moieties. Direct co-

condensation method was opted as represented in Scheme III. 

For the functionalization of SBA-15 and MSU-H, TMOS and sodium silicate solution was 

applied as precursor, in respective order. The direct co-condensation synthesis procedure follows 

addition of surfactant (4.0 g of P104) and 8 g KCl in 100 mL of water and 15mL of Acetic acid 

at room temperature. A known amount of precursor was added and pre-hydrolyzed for 2 hours. 

Organosilane (1.08 g) with a known organic moiety (3-Aminopropyltrimethoxysilane, APTMS) 

was added to the mixture under stirring (20 hours) at 60°C and static conditions of heating (at 

100°C for 24 hours) for functionalization.  The material was collected by filtration, dried in air 

and extracted with ethanol. Excessive Pluronic was washed with ethanol to remove template, 

filtered and dried under vacuum at 100°C for 3 hours (Da'na, and Sayari, 2012).  

Same procedure was repeated for organosilanes with organic moieties of 3-

Glucidoxypropyltrimethoxysilane (GPTMS); 3-Methacryloxypropyltrimethoxysilane (MPTMS); 

Vinyltrimethoxysilane (VTMS); and Phenyltrimethoxysilane (PTMS).  

Five functionalized Mesoporous silica of SBA-15 were coded as AS, GS, MS, VS, PS 

representing different organic moieties and functionalized Mesoporous silica of MSU-H were 

given the codes of   AM, GM, MM, VM, PM.  

2.4. Development of Polysulfone Mixed Matrix Membranes (Group D & E) 
Membrane of mixed matrix was developed from synthesized Mesoporous silica (SBA-15 and 

MSU-H), and monodispersed ORMOSILS (VO, PO and MO) using phase inversion technique 

(see Scheme IV).  

Each of the Mesoporous silica and ORMOSIL (0.5 g) particles were dispersed in 15 mL of 

anhydrous dimethylformamide (DMF), stirred for 8 hours for dissolution followed by addition of 

polysulfone (3 g).  The mixture was subjected to stirring again for 24 hours.  The membrane was 

casted on PET fabric into deionized ultra-filtered water under ambient conditions (Ladhe et al., 

2009).  
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Synthesis Procedure of Functionalized Silica Hybrids (Group C) 

SBA Functionalized Hybrids                               MSU Functionalized Hybrids 

     

 

End Products 

 

 

 

 

 

 

 

 

 

P104 HCl H2O KCl 

Stir at Room Temp. 

Add TMOS 
Stir (2 hours. RT) 
To pre-hydrolyze 

Add Organosilane and stir 
under heating at 60°C for 

20 hours  

Re-heated at 100°C for 24 
hours under static 

condition 

Cooled to RT, washed repeatedly 
with ethanol, filtered and dried 

under vacuum at 100°C for 3 hours 

P104 CH3COOH H2O KCl 

Stir at Room Temp. 

Add Na
2
SiO

3
 

Stir (2 hours. RT) 
To pre-hydrolyze 

Add Organosilane and stir 
under heating at 60°C for 

20 hours  

Re-heated at 100°C for 24 
hours under static 

condition 

Cooled to RT, washed repeatedly 
with ethanol, filtered and dried 

under vacuum at 100°C for 3 hours 

 

 
Scheme 2.3: Layout for Synthesis of MSU-H Functionalized Silica Hybrids (Group C) 
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Synthesis of Polysulfone Mixed Matrix Membranes (Group D & E) 

 

 

 

 

 

 

 

 

 

 

 

 

Polysulfone Dimethylformamide 

Vigorous Stirring (300rpm) at 
RT 

PSF get dissolved 

Add Mesoporous 
Silica particles,  

Stir (24 hours; RT) 

Cast Membrane on PET fabric under 
ambient conditions into DIFU water 

Evaporation time less 
than 10 seconds 

Air Dried at RT  

Add ORMOSILS 
Stir (24 hours; 

RT) 

Membrane Fabrication 

                            

                                                 

Scheme 2.4: Layout for Synthesis of Polysulfone Mixed Matrix Membranes (Group D & E) 
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2.5. Calculation of Percent Yield of Synthesized Mesoporous Silica 
In order to determine the efficiency of the synthesis procedure, it is imperative to calculate actual 

mass (yield) of the product. The general mechanism followed includes the steps:  

 Balancing of the chemical equation 

 Finding out the limiting reagent, theoretical yield, actual yield and percentage yield, 

using the equation: 

Percentage Yield =     Mass (in grams) of Actual Yield       x   100% 

                                                        Mass (in grams) of Theoretical Yield 

2.6. Results and Discussion 
The synthesis of functionalized hybrids and polysulfone mixed matrix membrane fabrication is 

pivoted on Mesoporous silica. A range of diverse products synthesis is a significant contribution 

to various fields like synthetic chemistry, materials science and nanotechnology. Table 2.1 

summarizes the products synthesized in the present research.  

It is evident that Mesoporous silica, SBA-15 and MSU-H are prepared from TMOS and sodium 

silicate solutions, respectively. It is noted that selection of precursor is an important parameter 

for tailoring the structures in successful synthesis. A wide range of possibilities in using low-cost 

and convenient reagents are reported in the literature.  The present study results indicated sodium 

silicate as relatively better precursor than TMOS. This is manifested by the smaller particle size 

and increased surface area of MSU-H (see Table 3.1). Similar influence on the pore 

characteristics is observed by (Igarashi et al., 2003; Cassiers et al., 2002; Cheng et al., 1997; 

Pauly et al., 2002). It might be attributed to the fact that small size of sodium silicate cannot be 

too large for steric hindrance (Cheng et al., 1997). On the contrary, larger species of TMOS 

containing more Si-O-Si bonds results in larger pore size (see Table 3.1).  

Another preference is demonstrated by higher hydrothermal and thermal stability of product by 

using sodium silicate. The reason for the improvement of the structural order and hydrothermal 

stability is that the silica precursor consisting of the larger species induces better resistance 

against structural breakdown during calcination and hydrothermal treatment. Thermal and 

hydrothermal stability for Mesoporous silica prepared from fumed silica is reported by other 

researchers (Cassiers et al., 2002; Igarashi et al., 2003).  
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The justification of giving preference to TMOS over TEOS is also reported here. Stucky and co-

workers (Schmidt et al., 1999) demonstrated the production of ordered mesostructures from 

TMOS due to rapid hydrolysis. Further, Mesoporous Silica materials can be synthesized over a 

wide range of pH relative to condensation of silica species using metal salts (Kim et al., 2000).  

The function of adding surfactant as structure directing agent is also investigated in the present 

synthesis of Mesoporous Silica. The effect of different surfactants with varying block lengths is 

widely available in literature since unit cell parameters are largely dependent on total polymer 

length. For example, hydrophilic Ethylene oxide (EO)-block influences the wall thickness of 

SBA-15 (Kruk et al., 2000; Imperor-Clerc et al., 2000; Ryoo et al., 2000). The hydrophobic 

middle Propylene (PO)- or Butylene oxide (BO)-block affects the pore diameter and templating 

ability and longer hydrophobic blocks result in more highly ordered domains and more well-

defined particles (Kipkemboi et al., 2009).  

The present synthesis reports the selection of non-ionic block copolymer Pluronic P104 (EO27-

PO61-EO27) than the conventional Pluronic P123 (EO20-PO70-EO20) as surfactant for both 

Mesoporous silica, although very few articles discuss the morphological effects of P104 (Kosuge 

et al., 2004; Kipkemboi et al., 2001; Zhao et al., 1998). This preference is attributed to enhance 

bridging and short hydrophilic segments (predicted as low EO/PO ratio of 0.28) for P104 in 

comparison to ratio of 0.44 for P123. The pasting effect of a dilute solution (low EO/PO) is 

significant to contribute more ordered meso-structures and cooperative assembly of composite 

micelles formation. It is reported by (Zhengwei et al., 2008) that rod-like aggregates are formed. 

When using Pluronic P104, much ordered hexagonal structure results. This morphology is 

peculiar when P104 is used (Cui et al., 2006; Linton and Alfredsson, 2008). The present research 

is in strong agreement and only hexagons are observed for Mesoporous Silica (see Table 2.1). 

The hexagon is constructed on polypropylene oxide (PPO) segments forming the primary pores 

and polyethylene oxide (PEO) segments constitute the intrawall pores.  

Temperature of the solvent is another crucial factor for micelle formation. The present study 

attempted at 55°C and 25°C, for synthesis of SBA-15 and MSU-H, respectively. The complete 

dissolution of Pluronic P104 exhibited at CMC (critical micelle concentration) 4*10
6 

mol/L 

(Adamson and Gast, 1997). Furthermore, Pluronic P104 has higher molecular mass (5900 g/mol) 

in comparison to Pluronic P123 (5750 g/mol). It is noted that micelle formation is driven by the 
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PO chain (Alexandridis, 1994; Jorgensen, 1997; Wanka, 1994) exhibiting increasing CMC with 

decreasing PO size. The argument is duly supported by present study results.  

Another important aspect is the calcination temperature for complete burning away of the 

Pluronic (Reichhardt, 2011; Flodstrom, 2004). In the present research, SBA-15 and MSU-H are 

calcined at 550°C and 600°C, respectively. This indicates that MSU-H should be heated at 

relatively higher temperature to ensure purified product. However, at the same time, higher 

thermal stability can also be predicted.  

The mechanism of synthesis of Mesoporous Silica is also proposed. Initially, the surfactant in 

aqueous solution forms the micelle comprising of central core surrounded by the corona. It is 

viewed as triblock copolymer in the Pluronic sequence of EOn–POm–EOn, where PO (propylene 

oxide) and water is the core and corona is defined by the segment EO (ethylene oxide). It is 

expected that presence of excess water only increases the core size due to increased 

solvophobicity (Teixera et al., 2011) with negligible effects on core geometry. The hexagonal 

geometry of Mesoporous Silica is also rationalized on the bases of using Pluronic P104. 

The present discussion of synthesis of Mesoporous Silica considering all affecting parameters 

can be conclusively judged by the percentage yield. The calculated results indicated significantly 

higher (49.29%) yield of MSU-H in comparison to SBA-15 (16%). This served as selection 

criteria for pursuing with MSU-H for synthesis of functionalized hybrids.  

The functionalized silica hybrids are synthesized by direct co-condensation of five different 

organosilanes with sodium silicate solution. It is noted that success of this method rests on the 

compatibility of organo-alkoxysilane precursor with the synthesis conditions.  

The present results revealed good compatibility of selected organic silanes with the synthesis 

conditions. This is manifested by negligible chemical or structural damage (discussed later). It is 

evident from the Table 3.3 that hexagonal geometry of Mesoporous Silica is distorted to 

tetragonal and orthorhombic upon functionalization. It is also concluded that this route provides 

an easy and homogeneous distribution (Lim and Stein, 1999; Mercier and Pinnavaia, 2000; 

Corriu et al, 2002) of organic moiety in the functionalized silica hybrids. Further, this method 

also facilitates drop in porosity and reaction time upon functionalization in comparison to 

grafting method. 
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Table 2.1: Description of Functionalized Mesoporous Silica Hybrids 

 

Sample Codes 
Precursors XRD Symmetry 

Mesoporous Silica (Group A) 

SBA-15 TMOS P104 Hexagonal 

MSU-H Na2SiO3 P104 Hexagonal 

Monodispersed ORMOSILS (Group B) 

VO 
Vinyl ORMOSIL with Vinyltrimethoxysilane 

(VTMS)  
Tetragonal 

PO 
Phenyl ORMOSIL with Phenyltrimethoxysilane 

(PTMS)  
Tetragonal 

MO 
Methacryl ORMOSIL with 3-

Methacryloxypropyltrimethoxysilane (MPTMS)  
Orthorhombic 

Functionalized Hybrid Silica (Group C) 

AM 
Functionalized MSU-H with 3-

Aminopropyltrimethoxysilane (APTMS) 
Orthorhombic 

GM 
Functionalized MSU-H with 3-

Glucidoxypropyltrimethoxysilane (GPTMS) 
Tetragonal 

MM 
Functionalized MSU-H with 3-

Methacryloxypropyltrimethoxysilane (MPTMS) 
Tetragonal 

VM 
Functionalized MSU-H with 

Vinyltrimethoxysilane (VTMS) 
Orthorhombic 

PM 
Functionalized MSU-H with 

Phenyltrimethoxysilane (PTMS) 
Orthorhombic 

Polysulfone Mixed Matrix Membranes (Group D & E) 

PM-15 Polysulfone Mixed Matrix Membrane of SBA-15 

PM-H Polysulfone Mixed Matrix Membrane of  MSU-H 

PM-VO Polysulfone Mixed Matrix Membrane of VO  

PM-PO Polysulfone Mixed Matrix Membrane of PO 

PM-MO Polysulfone Mixed Matrix Membrane of MO 
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The introduction of organic moiety as network modifier and network former is also investigated. 

The functionalized hybrids in the present work consumes phenyl and amino as modifiers, 

whereas vinyl, methacrylate and epoxy act as network formers. It is noted that modifying and 

polymerization effect is induced probably due to non-hydrolysable and polymerizable groups, 

respectively. This is demonstrated by the attainment of orthorhombic geometry preferably by 

modifiers in comparison to tetragonal symmetry when network formers are induced. It also 

suggests that higher symmetry in functionalized hybrids is attributed to network formers.     

The functionalized silica hybrids (AM, GM, MM, VM, and PM) are induced with metal salt 

(potassium chloride) to determine the effect of this addition. It is understood that salt is likely to 

increases the ionic strength and polarity of the system.  

In the present investigation, it is observed that the pore volume decreases significantly in 

functionalized hybrids in comparison to Mesoporous Silica (see Table 3.1). It strongly suggests 

strong association with the silica develop due to salt, leading to increase in pore size and core 

radius. This postulate is supported in literature by a number of researchers (Jin et al., 2008; Kubo 

and Kosuage, 2007; Cui et al., 2006, Newalkar et al., 2003; Jain et al., 2000). It further facilitates 

dehydration of ethylene oxide units, stability of micelle and ordered Mesoporous structure 

(Walcarius, 2013). 

On further probe, pore volume determined from BET equation (discussed later) of functionalized 

hybrids is found to follow the sequence: 

GM > AM > VM > MM > PM 

It reveals that glucidoxy organic moiety is relatively more strongly associated with the silica and 

phenyl induced the lowest polarity.   

The determination of monodispersity is a characteristic feature of ORMOSILS. It is maintained 

throughout the bulk as a distinct geometrical arrangement. To attain this characteristic, a number 

of factors are critically evaluated in the present synthesis. We, report here that monodispersed 

hybrids are obtained in a relatively short reaction time (3 hours than conventional Stöber method 

(Nagao et al., 2004), at water and organosilane ratio of 1:17 and stirring speed of 300 rpm at 

room temperature. The present research concludes the successful attainment of monodispersity in 

ORMOSILS as determined by SEM (see Section 3.2).   
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A very important output of present research is successful synthesis of Mixed Matrix Membranes 

by phase inversion technique. The development of these membranes will be significant in 

extensive applications at industrial scale for environmental remediation. The use of MMM is 

preferred due to a number of advantages, such as the efficient dispersion of pollutants and no 

additional requirement for the filtration process. However, the efficiency of these membranes is 

largely dependent upon the thickness, porosity and working pressure.  

The present study reports a successful and novel approach for the synthesis of Mesoporous 

Silica, functionalized silica hybrids, monodispersed ORMOSILS and mixed matrix membranes. 

The method is convenient, economical, and efficient with appreciable percentage yield. The 

synthesis of such diverse materials is significant to provide opportunities to understand the role 

of each component in the hybrid. It also broadens the scope for a wide range of applications.  
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CHAPTER III - CHARACTERIZATION OF FUNCTIONALIZED 

SILICA HYBRIDS 

The synthesized materials are conveniently classified into four groups:  

 Group A comprises of Mesoporous Silica (SBA-15, MSU-H) 

 Group B is Monodispersed ORMOSILS (VO, PO and MO) 

 Group C defines class of Functionalized Silica Hybrids (AS, GS, MS, VS, PS, AM, GM, 

MM, VM, PM) 

 Group D consist of Polysulfone Mixed Matrix Membranes of Mesoporous Silica (PM-15, 

PM-H) 

 Group E defines Polysulfone Mixed Matrix Membranes of Monodispersed ORMOSILS 

(PM-VO, PM-PO, and PM-MO) 

Each of the synthesized material was comprehensively characterized by a wide range of 

techniques to determine the surface and bulk characteristics. The basic principle and the 

characteristics revealed by each technique are highlighted in the following sections.  

3.1. Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
ATR exploits a property of total internal reflection called the evanescent wave. A beam of 

infrared light passes through the ATR crystal in such a way that it reflects at least once on the 

internal surface in contact with the sample. This reflection forms the evanescent wave which 

extends into the sample, typically by a few micrometers. The beam is then collected by a detector 

as it exits the crystal. Typical materials for ATR crystals include germanium, KRS-5 and zinc 

selenite, while silicon is ideal for use in the Far-infrared region of the electromagnetic spectrum. 

Concerning spectra and data process, ATR is the same as IR spectroscopy. Mesoporous Silica 

and functionalized hybrids were characterized on ATR-FTIR spectrophotometer (Thermo 

Nicolet NEXUS 670 FTIR). ATR-IR was used to analyze and determine the transmittance 

spectra of organic materials. Mesoporous Silica was first ground then analyzed. Samples 

analyzed as dried powder and scanned under 4000cm
-1

 to 600cm
-1

. Infrared light is reflected by a 

mirror to a conical zinc selenite lens with a diamond coating on it. Background was measured 

with clean cell window as air is the reference. The sample was then introduced onto the mirror 
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and turns the knob clockwise until the sample material pressed with anvil to hold the sample 

firmly.    

3.1.1. ATR-FTIR Analysis 

The chemical structure of synthesized Mesoporous Silica  (Group A) studied by ATR-FTIR 

illustrate the characteristic Si–O–Si stretching vibration bands at 1047cm
-1

, 810cm
-1

, 672cm
-1

 

and 1043cm
−1

, 810cm
-1

, 671cm
-1

 in SBA-15 and MSU-H, respectively (see Figure 3.1). These 

vibration bands are frequently reported (Jain, 2006; King and Sullivan, 1999; Vinod et al., 2003) 

for pure silica. The sharp intense peaks indicate the successful conversion of silica precursor into 

Mesoporous Silica (SiO2). However, the difference in % transmittance of two spectra may be due 

to varying silica precursor used. Higher transmittance is noted in MSU-H using sodium silicate, 

whereas TMOS induces more absorbance for SBA-15. Furthermore, contrary to IR spectrum the 

diminishing bands of -OH stretching vibration (∼3700–∼3100cm
−1

) in ATR may be attributed to 

the purged liquid nitrogen gas that absorbs water and CO2 (Hsu, 1997), thus clearing the 

background spectra.  

The main feature of ATR-FTIR spectra of monodispersed ORMOSILS (Group B) is expected 

with diminished linkage of Si-O-Si (see Figure 3.2a-c). This argument is based on the fact that 

there is no apical silica available (in the absence of precursor). However, the possible 

development of Si-O-Si in functionalized hybrids is due to cross linking and splitting into two 

peaks (1050cm
-1

 and 1149cm
−1

) indicating Si-O and Si-C fragments, respectively. These bonds 

destroy the symmetry of Si–O–Si structure. On the other hand, functionalized silica hybrids 

(Group C) indicate presence of strong Si–O–Si stretching vibration band at 1103cm
−1

 due to pure 

silica precursor (Deng et al., 2009). The vinyl group in ORMOSILS (VO) is depicted by the peak 

at 1602cm
−1

 due to C=C stretching vibration, confirming that vinyl group (–CH=CH2) exists and 

connects to silicon atom in organosilane. This vinyl group shifts to 1612cm
-1

 and 1630cm
-1

 for 

SBA-15 and MSU-H functionalized hybrid, respectively. Functionalization of silica with organic 

moiety of phenyl (PO) is distinguished by aromatic ring vibrations at 795cm
-1

 and 954cm
-1

 

confirms that phenyl ring is bonded to a silicon atom. Mono substituted phenyl rings in plane 

deformation is reported (Darga, 2007) at 1007cm
-1

. The absence of this peak also indicates that 

presently synthesized hybrid is not mono-substituted.  
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(a) 

 

(b) 

 

Figure 3.1: ATR of Group A Mesoporous Silica (a) SBA-15 (b) MSU-H 
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(a) 

(b) 

(c) 

Figure 3.2: ATR of Group B Monodispersed ORMOSILS (a) VO (b) PO (c) MO 
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The organosilane functionalized hybrids (Group C) from SBA-15 and MSU-H were also 

subjected to ATR analysis. The spectra are reproduced in Figure 3.3(a-e) and 3.4(a-e).  

On comparison to Mesoporous Silica (SBA-15), the hybrids revealed emergence of low intensity 

peaks at 1300cm
-1

-1370cm
-1

, 1980cm
-1

, 2161cm
-1

 indicating functionalization with organosilane. 

An exception to this is noted for (AS) hybrid, in which amino group functionalization is 

exhibited at 2770cm
-1

 and 3021cm
-1

(see Figure 3.3a-e). The presence of peaks at 2937cm
-1

 and 

1560cm
−1

 corresponds to C–H stretching and N–H (primary amine) bending vibration, 

respectively (Phan and Jones, 2006; Li et al., 2006). The present study results draw strength from 

the reported literature that −NH2 functional group in functionalized SBA-15 is difficult to 

determine due to overlapping with that of O–H stretching vibration around 3460cm
−1

. Further, 

large reduction in the absorbance of O–H stretch band confirms the replacement with −Si 

(CH2)3NH2 groups (Yang and Huang, 2005) on NH2-functionalized samples. Vinyl 

functionalized silica hybrid (VS) demonstrates few striking peaks at wavenumbers (in cm
-1

) of 

1976, 2030, 2159 and split bands of low intensity at 2096 and 2349.  

On the other hand, functionalized MSU-H revealed significant peaks around 795cm
-1

, 955cm
-1

, 

1348cm
-1

 and 1839cm
-1

 distinguishing clearly from the basic Mesoporous Silica (see Figure 3.4 

a-e). This also suggests the successful incorporation of the organic moiety through diffusion 

process into silica framework. These peaks also indicate the linkage of organic moiety to Silicon 

atom containing –OH, -NH2, -OC=O, and –CH=CH2 apical functional groups. This is also 

supported by literature citing a number of such assignments for Mesoporous hybrid silica 

materials (Liu et al., 2002; Deng et al., 1995). Therefore, it is reasonable to consider that the 

reaction products obtained by the hydrolytic condensation are a mixture of species with different 

structures (Rikowski and Marsmann, 1997).  

It is important to note that functionalization of MSU-H and SBA-15 with Vinyl as organic 

moiety exhibits different FTIR spectra. This anomaly might be attributed to the fact that vinyl is 

more strongly bonded to TMOS (precursor of SBA-15) in comparison to sodium silicate 

(precursor of MSU-H).   

This can further be elaborated that sodium silicate accelerates the functionalization, whereas, 

TMOS acts as destabilizing agent for SBA-15 hybrids.  
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(a) (b) 

(c) (d) 

(e) 

 

Figure 3.3: ATR of Group C SBA-15 Functionalized Silica Hybrids (a) AS (b) GS (c) MS (d) 

VS (e) PS 
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(a) (b) 

(c) (d) 

(e) 

Figure 3.4: ATR of Group C MSU-H Functionalized Silica Hybrids (a) AM (b) GM (c) MM (d) 

VM (e) PM 
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Another aspect of comparative analysis reveal that relatively high transmittance of the respective 

functional groups in SBA-15 hybrids is of high significance. This inhibits diffusion of 

organosilane into the mesopores, thus retaining on the surface. Under such circumstances, the 

basic silica framework offers good adsorptive properties. On the contrary, organic moiety in 

MSU-H functionalized hybrids diffuses from the surface into the mesopores. This process 

though reduces the surface area, but facilitates binding sites through diffused functional groups. 

It is expected that inner sphere hybrids (MSU-H) are better adsorbents than outer sphere (SBA-

15) complexes.   

The linkage of surface functional (amino) group in functionalized silica hybrids (AM) is clearly 

indicated by a characteristic IR peak for vibration of Si-CH2R (R=NH2) at 793cm
−1

. On the other 

hand, stretching of NH2 as broad band (3250–3450cm
−1

) and N-H deformation peaks are 

exhibited at 1640–1560cm
−1

. The organic moiety of methyl group is manifested as C-H 

stretching at 2940-2800cm
−1

 and around 1450cm
-1

 (Lee at al., 2001; Piers and Rochester, 1995). 

The introduction of organic moiety also results in a relative decrease in the silanol bands, with an 

associated increase of new bands characteristic of immobilized amino propyl groups. This is 

evident by a broader NH2 symmetric stretching at 3264cm
-1

. Similar bands were identified in 

amino modified silica (OSU-6-W-APTMS-1) synthesized by grafting method.  

Methyacryl (MM) functionalized silica demonstrates characteristic absorption peak at 796 cm
-1

 

assigned to –Si–OCH3. This is also supported by (Mori and Pinnavaia, 2001; Yiu et al., 2001) for 

propylmethacrylate groups in two modified silicas (OSU-6-W-TMSPMA-1 and OSU-6-W-

TMSPMA-2). This also demonstrates that efficiency of one pot synthesis is comparable to the 

grafting method (Piers and Rochester, 1995). The disappearance or non-existence of –CH3 

bending mode vibration (at 1331cm
-1

) indicates that there is no unreacted –OCH3 (Lin et al., 

2002). It further suggests the comparable rather better efficacy of direct co-condensation method. 

A sharp absorption band characteristic of non-hydrogen bonded silanols (Zhao et al., 1997; 

Jentys et al., 1996) at 3746cm
-1

 disappears in Glucidoxy (GM) functionalized hybrids. The new 

bands at 3696, 2935, 2971, 2870, and 1372cm
-1

 appear at the expense of the band at 3746cm
-1

. 

Further, epoxy group identified at 2971 and 2870cm
-1

 may be assigned to νas(OC-H) and νs(OC-

H) vibrations, respectively, in GPTMS. Asymmetrical ring stretching at 794cm
-1 

is also 

observed. Similar stretching is also marked by other authors (Lwoswsi, 1984; Grasselli and 
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Ritchey, 1975).  The high percent transmittance may allow adding more functional groups onto 

the surface and formation of a highly ordered structure.  

Mixed matrix membranes (Group D) is expected to generate similar ATR-FTIR spectra as for 

Group A. This similarity is based on the presence of similar framework of SBA-15 and MSU-H. 

However, the addition of polysulfone to silica material developed an interesting spectrum. The 

major features of the membrane are two fold; the emergence of entirely new sharp peaks and 

enhancement of silica spectra. This comparison is also supported by images captured under SEM 

showing less but prominent proportion of Si-Si binding and clear distinct larger ratio of 

polysulfone membrane uniformly dispersed and holding the silica particles on and in the 

membrane. 

SBA-15 and MSU-H treated with polysulfone resulting in a membrane is scanned under ATR-

FTIR (shown in Figure 3.5a-d). It reflects some similarities and dissimilarities to each other. 

Peaks in the higher wavenumber (1050-600cm
-1

) are of relatively high intensity but scarcely 

indicated on the SBA-15 and MSU-H spectra. As discussed earlier, this region demonstrates the 

Si-O-Si and Si-O bonding. This also strengthens silica content remains intact in the membrane as 

well.  

Contemporary to this, the mixed matrix membrane (PM-15) reveal peaks over a wider region of 

wavenumber with multiple bindings. It is noted that suppressed peaks in the higher region of 

SBA-15 become prominent during development of membrane. The confirmatory peaks of 

polysulfone are identified at 1104cm
-1

, 1079cm
-1

, 1027cm
-1

, 1150cm
-1

, 1170cm
-1

, 1298cm
-1

, and 

1325cm
-1

.  Such larger numbers of peaks suggest that membrane has sufficient functional groups 

that providing more binding sites than SBA-15 alone.  

ATR-FTIR spectra of both membranes (Figure 3.6a-b) from MSU-H and SBA-15 can safely be 

regarded as replica of each other confirming that Mesoporous Silica particles from both sources 

have identical functional groups.  

The significance of mixed matrix membrane as adsorbents is highlighted by the fact that silica 

particles are dispersed over the entire membrane matrix rather clustering (see Section 3.2). This 

property is expected to facilitate in efficient adsorption of incoming substances.  
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(a) 

(b) 

(c) 

(d) 

Figure 3.5: ATR of Polysulfone Mixed Matrix Membrane of SBA-15 & MSU-H and 

Mesoporous Silica (a) PM-15 (b) PM-H (c) SBA-15 (d) MSU-H 
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(a) 

 

(b) 

 

 

Figure 3.6: ATR of Group D Polysulfone Mixed Matrix Membranes of Mesoporous Silica (a) 

PM-15 (b) PM-H 
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(a) 

(b) 

(c) 

Figure 3.7: ATR of Group E Polysulfone Mixed Matrix Membranes of VO; Monodispersed 

ORMOSILS VO and Non-functional Polysulfone Mixed Matrix Membrane (a) PM-VO (b) VO 

(c) PM-H 
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a) 

(b)

(c) 

Figure 3.8: ATR of Group E Polysulfone Mixed Matrix Membranes of PO; Monodispersed 

ORMOSILS PO and Non-functional Polysulfone Mixed Matrix Membrane (a) PM-PO (b) PO 

(c) PM-H 
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(a) 

(b) 

(c) 

Figure 3.9: ATR of Group E Polysulfone Mixed Matrix Membranes of MO; Monodispersed 

ORMOSILS MO and Non-functional Polysulfone Mixed Matrix Membrane (a) PM-MO (b) MO 

(c) PM-H 
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Each of the monodispersed ORMOSIL particles of Group B was dispersed separately onto the 

fabric supported polysulfone membranes (Group E). The ATR-FTIR spectra (shown in Figure 

3.7a-c) draws special attention to figure out the similar and dissimilar features of vinyl hybrid, 

vinyl mixed membrane, and silica membrane (non-functional). It is interesting to note that 

functionalized membranes are much more improvised than non-functionalized membrane. This 

preference is attributed to the incorporation of Vinyl related groups (discussed earlier). Further, 

polysulfone is highly responsible for occupying a distinct position in characterizing vinyl 

membrane than vinyl hybrid. However, few major shifts are observed at the expense of this 

preference. For example, the sharp intense peak assigned to vinyl at 1602cm
-1

 is shifted to 

1584cm
-1

. 

Similarly, phenyl moiety depicts two major upsets when fabricated into membrane (see Figure 

3.8a-c) demonstrating as shift of phenyl attached to silicon from 1007cm
-1

 to 1027cm
-1

, and 

phenyl aromatic ring at 694cm
-1

 from 628cm
-1

.           

Another characteristic mixed membrane comprising of methacrylate moiety (see Figure 3.9a-c) 

shows a shift of –Si–OCH3 from 796cm
-1

 to multiplex around 690cm
-1

 to 793cm
-1

. On the other 

hand, monodispersed methacrylate particles stand different from its fabricated membrane. The 

complete disappearance of 964cm
-1

 and 1002 cm
-1

, suggest detachment from –Si-O linkage and 

attachment to polysulfone groups of membrane.   

3.2. Scanning Electron Microscopy 
Scanning electron microscopy is an important technique that gives direct evidence of the surface 

morphology. The magnified images are created using high-energy beam of electrons in a raster 

scan pattern instead of light waves as in a traditional microscope. The accelerating voltage of the 

incident electron beam directly affects the signals from the sample surface which influences the 

quality of image formed. The electrons interact with the atoms that make up the sample 

producing signals that contain information about the sample's surface topography, composition 

and other properties such as electrical conductivity (Lawes, 1987). SEM can produce high-

resolution images of the specimen surface and images can be viewed in three dimensional 

appearance.   

To obtain high resolution SEM, a very small aperture must be used (2-10 nm diameters). The 

small size of the electron beam and shorter wavelength cause a reduction in intensity of the beam 
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reaching the sample, thus, reducing the strength of signal obtained. For a non-conducting sample, 

the image is often distorted due to ‗charging‘ before the resolution of the instrument is reached. 

Charging can be reduced by coating the sample with a very thin layer of a conducting material 

such as gold or carbon.   

3.2.1. SEM Analysis 

Scanning electron microscopy was used to examine the morphology of the synthesized silica 

materials. The samples were prepared by attaching them to double-sided carbon tape, then were 

mounted onto an aluminum microscope holder and sputtered with a thin layer of gold to reduce 

charging. The SEM images were recorded with Hitachi SU-70 Analytical UHR FEG-SEM, and 

the elemental identification, line scan spectrum along with mapping mode was performed on the 

surface of flat mixed matrix membranes by energy dispersive X-ray spectroscopy (EDX) in the 

SEM.  

The morphological features including shape and size of the synthesized Mesoporous Silica 

particles (Group A) were assessed under Scanning Electron Microscope (SEM) (see Figure 

3.10a-b). It is understood that morphology is dependent largely on the synthesis method, choice 

of ingredients and reaction conditions. The selection of TMOS as precursor in the present 

investigation marks some distinguishing features. Primarily, the size in the range of Mesoporous 

is attributed to TMOS. This argument is supported by the fact that randomly shaped 

macrospheres resulted on using high silica TEOS (Chen and Cheng, 2007). Larger sized particles 

may be explained on the basis of relatively higher molecular weight of TEOS (208.33g/mol) than 

TMOS (152.25g/mol). The Mesoporous Silica presently synthesized showed an average particle 

size of 11.5nm in contrast to much larger (250-1500nm) particle sizes of OSU-6, OSU-6-W and 

OSU-6-C from TEOS (Zeid, 2006). Another peculiar feature that is likely to affect the 

morphology is the synthesis of Mesoporous Silica with or without surface directing agent. The 

current method reports addition of Pluronic P104 surplus to precursor. Remarkable difference in 

shape and geometry is observed. The spherical shape (Liane et al., 2005) is organized into well-

defined hexagonal symmetry on direction of P104. 

Intra-comparison of two Mesoporous Silica (SBA-15 and MSU-H) synthesized in present 

investigation rest on the difference of precursor, (TMOS and sodium silicate), respectively. It is 

interesting to note that hexagonal geometry is retained in both, however, particle size is different. 
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The similarity is attributed to main constituent silica in each precursor and dissimilarity is owned 

by the organic (TMOS) and inorganic (sodium silicate) nature of precursor. Relatively lower 

particle average size (10.3 nm) is recorded for the later than former (11.5 nm). A more insight 

into the obvious similar geometry reveals difference within hexagonal shape. The planes (a, b, c) 

diffract X-ray to relatively lower angles in MSU-H than SBA-15 (discussed later). Similar 

morphology of SBA-15 is presented in earlier reports (Shahbazi et al. 2012). Few aspects are of 

particular significance and add value to synthesis of Mesoporous Silica from sodium silicate. The 

main attributes are smaller particle size, economical and environment friendly non-hazardous 

precursor. 

The Group B comprising of monodispersed ORMOSILS particles is also investigated to 

determine particle size and possible geometrical arrangement (see Figure 3.11a-c). Vinyl 

ORMOSIL (VO) is found to be homogenously dispersed. It appears as the functionalization of 

vinyl act as nucleation center around which the monodispersed particle grows as spherical beads.  

Each bead looks like an independent complete entity with no externally visible pores. However, 

the aggregate of beads is similar to bunch of grapes. This morphology is expected to contribute 

little as adsorbent. The possible adsorption may be due to interspaces not pores (discussed later). 

The monodispersed particles with phenyl organic moiety (PO) exhibit a relatively more 

continuous interconnectivity leaving scarcely dispersed void spaces. Spongy formation is evident 

for methacrylate ORMOSILS (MO). It is also noted that upon slight heating during the synthesis, 

morphology changes to transparent vitreous form. This appearance is likely due to the very low 

melting point of methacrylate (-48
°
C). Further, the pores into the matrix and onto the surface of 

sponge are clearly visible. These pores are likely to offer good adsorptive properties.  

Scanning of MSU functionalized hybrids (Group C) revealed interesting features (see Figure 

3.12a-e). Amino group (AM) induces a doughnut shape and rigorously blended morphology with 

silica material. Stacking of methacrylate hybrid (MM) is seen to turn into ladder. However, the 

spongy features are also visible reflecting the unreacted monodispersed particles. The proportion 

of unreacted particles may be attributed to relatively less blending imparting less linkage of two 

constituents. Bean shape whirling around each other is demonstrated by Glucidoxy silica hybrid 

(GM) distorting the hexagonal shape of silica. Furthermore, perforated layered structure and 

clearly distinguishing feature of vinyl sphere is hallmark of phenyl and vinyl hybrids, 

respectively. 
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(a) 

 

 

 

 

(b) 

 

Figure 3.10: SEM of Mesoporous Silica (Group A) (a) SBA-15 (b) MSU-H 
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(a) 

 

(b) 

 

(c) 

Figure 3.11: SEM of Monodispersed ORMOSILS (Group B) (a) VO (b) PO (c) MO 
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(a) (b) 

(c) (d) 

(e) 

 

Figure 3.12: SEM of Functionalized Silica Hybrids (Group C) (a) AM (b) GM (c) MM 

(d) VM (e) PM 
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(a)  

 

 

(b) 

Figure 3.13: SEM of Polysulfone Mixed Matrix Membranes of Mesoporous Silica (Group D) 

(a) PM-15 (b) PM-H 
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(a)  

 

(b)  

 

(c)  

Figure 3.14: SEM of Polysulfone Mixed Matrix Membranes of Mesoporous Silica (Group E) 

(a) PM-VO (b) PM-PO (c) PM-MO 
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Group D comprising of mixed matrix membrane of SBA-15 and MSU-H is analyzed by SEM to 

study the morphology and distribution of particles over the polysulfone matrix. Membrane of 

SBA-15 shows images of particles dispersed onto the polysulfone supported on PET fabric. 

Other three characteristics features are observed pertaining to its ingredients;  

a) The well-defined hexagons of SBA-15 

b) Continuous film of polysulfone ruptured at few places, and 

c) The agglomerated likely to be resulted from interaction of polysulfone and SBA-15 

A continuous polysulfone film is also visible for PM-H similar to PM-15 membrane (see Figure 

3.13a-b).  However, it can be differentiated by the presence of wrinkles and waves in the film. 

Further, the surface carries the individual hexagons, whereas the matrix of polysulfone holds the 

bunch of particles. 

The monodispersed ORMOSILS were fabricated onto the polysulfone supported membrane 

(Group E). The development of ORMOSILS membrane was scanned under the electron 

microscope to identify the adherence of particles on polysulfone. Three functionalized 

ORMOSILS membranes (PM-VO, PM-PO, PM-MO) revealed successful impregnation of 

particles with neither membrane rupturing not agglomeration of particles (see Figure 3.14a-c).  

Crystal clear particles attached to surface and diffusion into the pores is visible in case of PM-

VO, whereas agglomerated particles adhering to surface is coined for PM-PO. Scattered pieces 

of spongy cake are visible on the surface of PM-MO.  

It is expected that functionalized particles will provide active binding sites, whereas the role of 

polysulfone in ORMOSILS membrane is submissive and passive. Further, the fabricated 

membranes can conveniently be casted into any shape and form for in-situ and ex-situ 

remediation model. 

3.2.2. Energy-Dispersive X-ray Spectroscopy (EDX) Analysis 

Electron Dispersive X-ray spectrum were also obtained coupled with SEM images. It is 

understood that each synthesized material has a major component of SiO2; hence the major 

contribution to atom weight percentage is due to silicon and oxygen. The results are presented as 

EDX spectra and through mapping Figures 3.15 – 3.19. 
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It is noted that Mesoporous Silica synthesized (Group A) shows comparable silica to oxygen 

ratio. These results further strengthen the preference of sodium silicate over TMOS as precursor. 

The study recommends the use of economical substitute (Na2SiO3) than hazardous and much 

expensive TMOS.  

Members of Group B are the monodispersed ORMOSILS. These particles indicate the organic 

moiety as atom percentage of carbon. The apical carbon content is comparable to silicon in vinyl 

functionalized; however, it is significantly higher than silicon representing phenyl. This stands 

well in proportion to 2 and 6 carbons in vinyl (VO) and phenyl (PO), respectively. On the 

extreme, methacrylate (MO) has much lower organic moiety proposing that coordination sites of 

oxygen and silicon atom are available.   

Functionalized silica hybrids containing functional groups of amine, glucidoxy, methacrylate, 

vinyl and phenyl revealed interesting composition as atom percentage of Si, O, and C as 

common elements. In addition, presence of nitrogen in amine-hybrid is a clear indication of 

successful impregnation of organic moiety with silica framework. To a close approximation, the 

elements Si and O stands no significant variation with change in organic moiety. This is based on 

the fact that silica source is used in each hybrid. The only variation is demonstrated by Carbon 

ranging from 0.78% to 14% in AM and MM, respectively. The lower C content is likely due to 

presence of nitrogen in the earlier.  

Mixed matrix membranes supported on polysulfone add sulfur atom to the EDX spectrum.  

Heteroatom of sulfur (polysulfone) having lone pair of electrons provide probability for binding 

of organic moiety and silica as well. VO and PO are having comparable ratios of sulfur and 

silica, suggesting the equal participation in binding. On the other hand, MO has more silica than 

sulfur.  

Mapping of SBA-15 and MSU-H fabricated membranes is shown in Figure 3.18a-b indicating 

the elemental composition in different color coding. Mapping is a convenient process to exhibit 

clearly the distribution of each element. It gives an insight to locate the binding sites and the 

proportion of each contribution in developing the linkage.     
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(a)  

(b) 

 

Figure 3.15: EDX of Mesoporous Silica (Group A), (a) SBA-15 (b) MSU-H 
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(a) 

(b)

(c) 

Figure 3.16: EDX Spectrum of Monodispersed ORMOSILS (Group B), (a) VO (b) PO (c) MO 
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(a) (b) 

(c) (d) 

(e) 

Figure 3.17: EDX Spectrum of Functionalized Silica Hybrids (Group C), (a) AM (b) GM (c) 

MM (d) VM (e) PM 
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(a) 

 (b) 

Figure 3.18: EDX Mapping of Polysulfone Mixed Matrix Membranes (Group D) of Mesoporous 

Silica (a) PM-15 (b) PM-H 
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(a) 

(b) 

(c) 

Figure 3.19: EDX Spectrum of Polysulfone Mixed Matrix Membranes of Monodispersed 

ORMOSILS (Group E), (a) PM-VO (b) PM-PO (c) PM-MO 
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3.3. Transmission Electron Microscopy 
Transmission electron microscopy is used to attain high resolution images, formed by deflection 

of electrons passing through the specimen in a vacuum. A source at the top of the TEM emits 

electrons at high voltage (50-100 kV). TEM is a powerful technique for obtaining information on 

the microchemistry, crystal structure on a nanoscale, and defect structure of crystalline materials. 

The image is magnified and focused onto an imaging device, such as a fluorescent screen, on a 

layer of photographic film, or to be detected by a sensor such as a CCD camera (Williams and 

Carter, 1996). TEM images projected on the screen show structural information on the materials 

only along the direction of incidence.  

3.3.1. TEM Analysis 

Prior to analysis, specimens were ground and further dispersed by sonication in ethanol for few 

minutes. The material was then deposited onto a copper grid (Agar Scientific) using a dropping 

pipette and allowed to dry at ambient temperature. TEM images were then recorded on a JEOL 

JEM-2100F Field Emission Gun Transmission Electron Microscope (FEG-TEM). This electron 

microscope uses a high-brightness and high-coherence electron beam for high-spatial resolution 

analysis of material samples. 

The structural features including grain size and interface pattern of the synthesized Mesoporous 

functionalized silica hybrids were assessed under Transmission Electron Microscope (TEM). 

The micrographs are shown in Figures 3.20- 3.22). The Mesoporous Silica particles (Group A) 

commensurate the hexagonal symmetry (internal) as predicted by XRD for external structural 

arrangement in hexagon.  

It is understood that internal crystal lattices depend largely on the synthesis method, choice of 

ingredients and reaction conditions. A clear hexagonal grain boundary with regularly patterned 

internally stacked layers is observed in SBA-15. Further, a specifically defined interface of each 

hexagon is also demonstrated. On the other hand, MSU-H external structure appears to be 

lamellar with regular repeating internal hexagonal pattern in each distinguished layers (see 

Figure 3.21 b at resolution of 200 nm). Stacked layers in SBA-15 has confined interface in 

comparison to lamellar layers of MSU-H.  
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(a)  

 

 

 

(b) 

 

Figure 3.20: TEM of Mesoporous Silica (Group A) (a) SBA-15 (b) MSU-H 
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(a) 

 

(b) 

 

(c) 

Figure 3.21: SEM of Monodispersed ORMOSILS (Group B) (a) VO (b) PO (c) MO 
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(a) (b) 

(c) (d) 

(e) 

 

Figure 3.22: SEM of Functionalized Silica Hybrids (Group C) (a) AM (b) GM (c) MM 

(d) VM (e) PM 

 

 



67 

 

The Group B comprising of monodispersed ORMOSILS particles is also investigated to 

determine particle size and possible geometrical arrangements (see Figure 3.21a-c). Vinyl 

ORMOSIL (VO) depicts thick, dense, continuous and symmetric grain boundary of spherical 

shaped particles. However, Phenyl ORMOSIL (PO) has discontinuous and transparent grain 

boundary. A regular fixed interface in both might be attributed to their spherical structures. The 

interfacial pattern with diffused grains in Methacrylate ORMOSILS (MO), appears like a viscous 

honey flow developing irregular boundaries along the direction of flow. 

TEM analysis of MSU functionalized hybrids (Group C) revealed interesting features (see Figure 

3.22a-e). In amino-functionalized hybrid (AM), grain boundary is solid and continuous at some 

places and somewhere is diffused, as particles overlap each other. Connectivity of interface is 

more pronounced in comparison to grain boundaries. In Glucidoxy-functionalized hybrid (GM), 

the development of new grain boundary and interface other than Vinyl ORMOSIL (VO) might 

be attributed to the specific organic moiety (Glucidoxy).  

TEM images of VO and GM can conveniently be placed with X-ray diffractograms having same 

hkl indices corresponding to tetragonal symmetry (see Table 3.3). Relatively, less interfacial 

interaction and higher spherical grain boundary is noted for Methacrylate-functionalized hybrid 

(MO). Vinyl-functionalized hybrid (VO) has specific grain boundary for each particle but 

interface is in either direction of boundary. Phenyl-functionalized hybrid (PO) has centralized 

spherical grain with extended boundary can have a metaphor of sunset scattering though 

irregularly but within a specific domain.   

TEM analysis might conclude that each specific organic moiety contributes some characteristic 

attributes in terms of grain boundary and interface in each functionalized hybrids. Further, the 

agreement of TEM with XRD data revealing the symmetry patterns is encouraging and 

complementary to both characterization techniques.  

3.4. BET Surface Area Analysis 
The measurement of the specific surface area of a material can conveniently be determined by 

BET nitrogen gas adsorption method. BET theory (proposed in 1938) explains the surface area 

on the basis of physical adsorption of gas molecules on a solid surface. This concept is an 

extension of Langmuir theory for monolayer to multilayer adsorption.  

The Brunauer-Emmett-Teller (BET) equation (Do, 1998) is as follows:  



68 

 

 

 (    )
  

 

     
  
   

    
[
 

  
] 

Where, p defines operating pressure; ps saturation vapor pressure and c is operational constant. 

P/ Ps  is plotted against ‗q‘ to determine the BET parameters.  

The specific surface area, pore size and pore volume of the samples were measured using N2 gas 

sorption. Nitrogen adsorption-desorption measurement was performed at 77K using a 

Micromeritics ASAP 2020 Porosimeter Test Station.  Each synthesized hybrid was degassed at 

373 K for 9 hours prior to measurement. The BET parameters determined include specific 

surface area at a relative pressure (P/Po) range of 0.05-0.3; pore size distribution from the 

adsorption isotherm following Kruk-Jaroniec-Sayari (KJS) method (Kruk et al., 1997) and total 

pore volume calculated from the amount adsorbed at P/Po = 0.975. 

Surface area, pore size and pore distribution as a function of nitrogen adsorption analysis reveals 

important information of synthesized Mesoporous and functionalized silica hybrids. An 

overview of BET parameters is presented in Table 3.1. The Mesoporous Silica (SBA-15 and 

MSU-H) depicted surface area in the range 521-580 m²/g. This characterizes the Hexagonal 

symmetry peculiar of Mesoporous materials. On comparison the presently synthesized SBA-15 

shows significantly lower surface area than reported in the literature (Chao, 2002). This 

difference might be attributed to the synthesis procedure, precursor and surfactant used.  

Comparison of SBA-15 and MSU-H depicts 60 orders of magnitude higher surface area for the 

later. This increase may be related to the use of inorganic precursor (sodium silicate) yielding 

more Nitrogen adsorption in comparison to organic precursor (TMOS) in SBA-15. On the 

contrary the external and single point surface area is relatively lower in MSU-H.  

The functionalized hybrids of MSU-H show a significant reduction in BET surface area. This is 

accompanied by a larger particle size in comparison to Mesoporous Silica. The lower surface 

area is generally manifested in each functionalized hybrid by larger particle size and less number 

of pores and pore volume of the material.  Larger particle size may be justified due to induction 

of organic moiety with larger molecular weight. Thus, higher symmetry of functional hybrids 

can be inferred (duly supported by XRD data).  
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Table 3.1: BET Surface area Data of Functionalized Mesoporous Silica Hybrids 

 

 

Sample Code 

Mol wt. of 

Organic 

Moiety 

Single Point 

Surface Area 

at P/Po m²/g 

External 

Surface 

Area m²/g 

BET 

Surface 

Area m²/g 

Pore 

Volume 

cm³/g 

Particle 

Size 

Mesoporous Silica (Group A) 

SBA-15 - 573.32 540.49 521.13 0.0223 
115.13 Å 

11.51 nm 

MSU-H - 644.89 520.87 580.27 0.0689 
103.40 Å 

10.34 nm 

Monodispersed ORMOSILS (Group B) 

VO 148.2 5.88 7.06 5.34 -0.0005 

11230.39 Å 

1123.03 nm 

1.12 µm 

Functionalized Silica Hybrids (Group C) 

AM 179.3 41.93 52.22 44.28 -0.0047 
1354.82 Å 

135.48 nm 

GM 236.3 4.34 6.46 4.77 -0.0009 

12578.55 Å 

1257.85 nm 

1.25 µm 

MM 248.1 81.37 102.72 86.08 -0.0097 
696.95 Å 

69.69 nm 

VM 148.2 34.48 46.17 36.86 -0.0056 
1627.51 Å 

162.75 nm 

PM 198.3 108.62 132.21 114.47 -0.0105 
524.13 Å 

52.41 nm 
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In case of monodispersed ORMOSILS the VO takes its resemblance with GM in depicting much 

larger particle size in comparison to other functionalized hybrids. The rigorous distortion of 

regular hexagonal symmetry with constant hkl indices is noted for these two hybrids. It may be 

explained on the bases that functional group upon binding to the surface decreases the BET 

surface area. The more binding ultimately result in saturation of pores. Pore volume is negligible 

in case where surface is occupied with functional groups and block the pores. Taking this 

preposition, VO and GM are regarded as saturated to its maximum capacity revealing highest 

particle size amongst all hybrids. 

It is reported here that Phenyl and methacrylate ORMOSILS could not be analyzed as during 

degassing (pre-requisite of BET determination) the samples decomposed. An attempt was made 

to accomplish surface area analysis on the decomposed sample, but no data was generated.  

The important conclusions can be drawn as: 

 Use of precursor (sodium silicate) is recommended for synthesis of Mesoporous Silica 

(MSU-H) as economical alternative and has smaller particle size, with added qualities of 

increased surface area for becoming a good adsorbent. The reduction in particle size and 

increased surface area is expected to increase the adsorption efficiency of MSU-H for 

environmental remediation. 

 The surfactant (P104) is also recommended since P104 having higher micelle 

concentration (in comparison to P123) is expected to facilitate the formation of pores in 

the crystal lattice.  

 The increased average particle size and higher symmetry in functional hybrids is the 

direct manifestation of organic moiety.  

 More research work is needed to understand the mechanism and the definite relation of 

molecular weight with external or BET surface area. 

3.5. Thermogravimetry 
Thermogravimetric technique is commonly employed to measures the sample mass variation as a 

function of temperature. The sample mass is measured by a microbalance under controlled 

atmospheric conditions and heated by a surrounding furnace at a predefined programmed heating 

rate. Results are reported in curves that show weight loss in function of temperature. With this 
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technique thermal stability and degradation pattern of the substance under investigation can also 

be determined (Willard et al., 1974; Mackenzie, 1969 and 1978)  

3.5.1. Thermal Analysis 

Thermal studies were performed by using a Thermogravimetric Analyzer TGA Q500, V4.7 

Build 151, from Universal TA Instruments with an empty aluminum sample boat as reference 

Thermal analysis of synthesized Mesoporous Silica on the basis of weight loss and enthalpy 

changes revealed important information. The recorded thermograms (TG), DTG and DTA are 

presented.  

The Group A elements (SBA-15 and MSU-H) show two step decomposition of one gram of 

mass subjected to thermal treatment. It is noted that total weight loss in both steps is comparable 

for Mesoporous Silica. However, more weight loss in the first step is observed. Further, probing 

demonstrates a relatively more stability of MSU-H than SBA-15. This minor preference is 

indicated by less residue (ash and Carbon) content in the former (Table 3.2). 

Monodispersed (Group B) particles depicts that weight loss follows the sequence as: MO > PO > 

VO. On the other hand, Enthalpy of three ORMOSILS indicates an inverse relation with thermo-

gravimetric data i.e., more is weight loss and less is ΔH value (see Figures 3.23–3.25) 

An interesting relationship is likely to develop of stability with molecular weight of organosilane 

as organic moiety following more stability of ORMOSILS is owned to higher molecular weight 

of organosilanes. (Molecular mass of MO, PO and VO is 248.35g/mol, 198.3g/mol, 55.13g/mol, 

respectively). 

Functionalized silica hybrids revealed characteristic features on TG/DTA curves. The apparent 

2-step decomposition is due to larger moisture loss initially (Step 1) followed by actual weight 

loss of hybrid itself. The result is encouraging and supportive to successful synthesis and 

complete conversion of ingredients into unified product. Further, single entity compound also 

indicates the purity of compound. It may be deduced that functional group is successfully 

impregnated as component of Si framework. 
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Table 3.2: Thermal Analysis of Synthesized Functionalized Mesoporous Silica Hybrids 

 

Sample 

Codes 

Wt. of 

Sample 

g/ mol 

Weight 

Loss (%) 

(1
st
 step) 

Weight 

Loss (%) 

(2
nd

step) 

Weight Loss (%) 

Residue 

Peak 

(min) 

Area 

(mJ) 

ΔH 

kJ/ mol 

Group A Mesoporous Silica 

SBA-15 1 
9.345 

135-490 °C 

3.494 

490-865 °C 
0.522 74.99 49528.16 21.70 

MSU-H 1 
8.192 

160-330°C 

2.511 

330-890°C 
0.235 74.53 70973.11 16.62 

Group B Monodispersed ORMOSILS 

VO 1 
0.990 

225-255°C 

23.831 

255-985°C 
0.482 42.55 19652.12 3.324 

PO 1 
1.990 

165-190°C 

60.084 

190-1020°C 
0.669 75.85 37017.09 6.895 

MO 1 
0.292 

195-200°C 

65.448 

200-1025°C 
0.047 53.433 86851.70 6.774 

Group C Functionalized Hybrid Silica 

AM 1 
5.509 

90-305°C 

18.014 

305-1000°C 
0.040 76.217 44965.83 6.62 

GM 1 
5.982 

130-250°C 

38.504 

250-1015°C 
0.154 75.885 58372.12 11.04 

MM 1 
5.627 

155-305°C 

24.362 

305-980°C 
0.085 39.2 45148.24 7.25 

VM 1 
4.244 

205-305°C 

24.241 

305-980°C 
0.148 74.783 89367.90 17.2 

PM 1 
5.833 

180-385°C 

17.670 

385-995°C 
0.184 75.317 57394.98 8.92 
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(a) 

 

(b) 

 

Figure 3.23: TG of Mesoporous Silica (Group A) (a) SBA-15 (b) MSU-H 
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(a) 

(b) 

(c) 

Figure 3.24: TG of Monodispersed ORMOSILS (Group B) (a) VO (b) PO (c) MO 
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(a) (b) 

(c) (d) 

(e) 

Figure 3.25: TG of Functionalized Silica Hybrids (Group C) (a) AM (b) GM (c) MM (d) VM (e) 

PM 
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It is also noted that relationship of weight loss with enthalpy cannot be inferred for Group C. 

This may be due to the fact that organic moieties having different apical functional groups are 

inculcated to varying proportions into or onto the surface of material.  

Results of thermal studies can conveniently be compared with analysis done by range of other 

characterization techniques. For example, higher moisture loss in functionalized hybrids (Group 

C) is satisfied by broad –OH peak assigned in ATR-FTIR studies (discussed earlier Section 3.1). 

This is reflected by initial weight loss attributed to evolution of –OH group in moisture content.   

On the other hand, narrow insignificant OH peaks in Mesoporous Silica (SBA-15 and MSU-H) 

contribute to two step decomposition in thermal spectra.  

Thermal data is also compared with EDX analysis showing the elemental composition of silica. 

Referring back (Section 3.2.2) it is noted that SBA-15 and MSU-H have higher silica content 

than Group B and Group C. We can develop a bench scale of stability measure with Si; as more 

is the silica, less stable is the product. It is concluded that organosilane content and the relevant 

functional group give strength to the hybrids and ORMOSILS.  

Thermally stable oligomer-templated silica with wormlike porous structures similar to those 

obtained using TEOS were synthesized using sodium silicate as a silica source (Kim et al., 2000; 

Boissiere et al., 2000).  

3.6. X-Ray Diffraction 
Each of the synthesized Mesoporous Silica based hybrid are characterized for X-Ray 

crystallography. On the basis of diffraction pattern, the structure of the material was assessed.  

XRD is an important non-destructive method that is widely employed to elucidate the structure 

and physical properties of materials and thin films (Suryanarayana, 1998). This works on the 

general principle of measuring all the scattered beams from each layer when material is impinged 

with X-rays following the Bragg Equation (Nuffield, 1966).X-ray experiments can be conducted 

on single crystal and powder (Giacovazzo, 1992; Ladd and Palmer, 1985) 

3.6.1. XRD Analysis 

The solid sample is ground into fine powder, and then packed on an alumina holder which has a 

cavity for storing the sample, following this holder is covered by a glass slide before sending to 
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X-ray chamber for analysis. The sample is measured on a Philips PW1830 powder X-ray 

diffraction system equipped with Cu anode.  

The Mesoporous Silica (SBA-15 and MSU-H) when impinged with X-rays diffracted at angle of 

2 θ. The hkl indices of 100, 110 and 200 characterize the crystal geometry as hexagonal (see 

Table 3.3 and Appendix II). However, the use of organic (TMOS) and inorganic (sodium 

silicate) precursor in SBA-15 and MSU-H is reflected by insignificant difference of d-value at 

4.3nm, 2.49nm, 2.08nm and 4.25nm, 2.45nm, 2.12nm, respectively. It is well known that the 

EOn–POm–EOn triblock copolymer with longer PO segments gives larger d-spacing, resulting in 

a larger pore size for the Mesoporous Silica. Further, the relatively higher d-value may be related 

to relatively less stability for the former. This argument is supported by TG and SEM data 

(discussed in section 3.2 and 3.5), showing earlier decomposition and relatively large pore size 

for SBA-15. 

On the other hand, the functionalized silica hybrids attain crystal geometry other than hexagonal. 

The exhibited symmetries are orthorhombic and tetragonal. Both are higher symmetry than 

hexagonal revealing extended network linkages in functionalized hybrids. So it might be 

concluded that addition of organosilanes to the basic framework of Mesoporous Silica help in 

stabilizing the hybrids. This stability is manifested and supported by the results of thermo 

gravimetric analysis.  It might be concluded that hexagonal (lower) symmetry is less stable than 

orthorhombic and tetragonal (higher symmetry).  

Literature (Wang et al., 2004) strongly supports the preoccupation of hkl indices of 100, 110 and 

200 characteristics of Mesoporous Silica (hexagonal geometry) even in the functionalized 

hybrids.  The present study results are in accordance with the literature for hybrids (VO and 

GM). The disagreement to this is also exhibited by functionalized hybrids (MO, AM, MM, VM 

and PM). In addition to this agreement and disagreement of hkl indices, it is generally observed 

that symmetry is necessarily changed in each functionalized hybrids than Mesoporous Silica. 

This change is directly attributed to the incorporation of organic moieties in hybrids. Further, the 

higher stabilized symmetries of hybrids is expected to exhibit better adsorption (discussed later 

in Chapter 4). 
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Table 3.3: XRD data of Synthesized Functionalized Mesoporous Silica Hybrids 

 

 

Sample 

Codes 

Planes 

(Å) 
Angles 

(°) 
hkl 

Indices  
d-spacing 2θ (°) 

Crystal 

System  

 

Mesoporous Silica (Group A) 

SBA-15 

a – 5.0  

b – 5.0 

c - 8.1    

α – 90.0000  

β – 90.0000  

γ – 120.0000  

100 

110 

200 

4.3 

2.49 

2.08 

1.332 

2.301 

2.755 

Hexagonal 

MSU-H 

a – 4.9 

b – 4.9 

c – 5.3 

α – 90.0000  

β – 90.0000  

γ – 120.0000  

100  

110 

200 

4.25 

2.45 

2.12 

1.34 

2.33 

2.70 

Hexagonal 

 

Monodispersed ORMOSILS (Group B) 

VO 

a – 9.52 

b – 9.52 

c – 9.40 

α – 90.0000 

β – 90.0000 

γ – 90.0000 

100  

110  

200 

9.54 

6.73 

6.67 

0.601 

0.851 

1.206 

Tetragonal 

PO 

a – 22.6 

b – 22.6 

c – 7.13 

α – 90.0000 

β – 90.0000 

γ – 90.0000 

101  

112  

200 

6.70 

3.48 

11.3 

0.855 

1.646 

0.507 

Tetragonal 

MO 

a – 13.7 

b – 23.8 

c – 3.99 

α – 90.0000 

β – 90.0000 

γ – 90.0000 

020  

120  

210  

11.9 

9.01 

6.61 

0.480 

0.636 

0.867 

Orthorhombic 

 

Functionalized Hybrid Silica (Group C) 

AM 

a – 22.2 

b – 15.0 

c – 13.6 

α – 90.0000 

β –90.0000 

γ –90 .0000 

020 

111 

200 

7.56 

9.20 

11.10 

0.758 

0.623 

0.516 

Orthorhombic 

GM 

a – 9.52 

b – 9.52 

c – 9.40 

α – 90.0000  

β – 90.0000 

γ – 90.0000  

100 

110 

200  

9.54 

6.73 

4.75 

0.601 

0.851 

1.206 

Tetragonal 

MM 

a – 11.8 

b – 11.8 

c – 5.65 

α – 90.0000  

β – 90.0000  

γ – 90.0000  

011 

020 

220 

5.10 

5.93 

4.19 

1.123 

0.966 

1.366 

Tetragonal 

VM 

a – 13.7 

b – 23.8 

c – 3.99 

α – 90.0000  

β – 90.0000  

γ – 90.0000  

020 

120 

210  

11.93 

9.01 

6.61 

0.601 

0.636 

0.867 

Orthorhombic 

PM 

a – 13.2 

b – 18.5 

c – 10.0 

α – 90.0000 

β – 90.0000 

γ – 90.0000 

111 

021 

200 

7.39 

6.82 

6.60 

0.775 

0.840 

0.868 

Orthorhombic 
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3.7. Nuclear Magnetic Resonance Spectroscopy 
Nuclear Magnetic Resonance is methodological technique to measure specific characteristics like 

inter-nuclear distances, anisotropy, atomic orientations, phase structure and molecular dynamics 

of the materials analyzed. It is commonly used for the investigation of organic and inorganic 

solids on atomic and molecular level. NMR measures static or dynamic disorders present in 

mixtures or compounds. The signal multiplicity and internal ratios also help to identify the 

structures of pure crystalline phases. 

3.7.1. 13
C NMR Analysis 

The samples synthesized in the present research are analyzed on Nuclear Magnetic Resonance 

spectrophotometer (NMR 400 Hz FT-NMR ECA 400) for structure elucidation on the basis of 

the main organic moiety. 

Each of the synthesized Mesoporous Silica based hybrids is subjected to 
1
H NMR studies, 

whereas 
13

C spectra are recorded for one samples each representative of Group B (Methacrylate 

ORMOSIL) and Group C (glucidoxy functionalized hybrid).  A number of C-C bonding is 

generally identified in the 
13

C NMR confirming that silica based hybrid is a combination of 

several chemical compounds.  The methacrylate group is clearly identified in ORMOSIL (see 

Figure 3.29 a). The chemical shifts at 136.36 ppm, 125.40 ppm and at 66.28 ppm are assigned to 

R2C= bonding (C8, C10), Si-O-C linkage (C7) in ORMOSIL network. On the other hand, CH2-O 

bonding is shown at C6 (22.34ppm). The introduction of organic moiety (methacrylate) in the 

synthesis of ORMOSIL appears as ester of acrylic acid (acrylate) at C7, C8, and C10 whereas the 

prefix (methyl) appears at C9 (18.33 ppm).  The proposed structure of MO is shown below: 

C7

C8

O

C9

O

C10

C6

C5
C4

Si

O

O

O

H

H

H

H

H

H

H

H

H

H

H

C3

C2

C1

H

HH

H H

H

H

H

H

 

Scheme 3.1: 
13

C NMR structure Elucidation for Monodispersed ORMOSIL (MO) from MPTMS 
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The functionalized silica hybrid with Glucidoxy reveal characteristic sharp shift for epoxy group 

at 70.63 ppm. A singlet (20.46 ppm) and doublet (17.41ppm, 17.54 ppm) characterizes for C8 

and C9, respectively. It is interesting to note that carbon atom shifts for C1-C6 are alike 

ORMOSIL with few minor shifts (see Figure 3.29b). The structure for functionalized silica 

hybrid is proposed below: 

O

C8C9

C7

O

C6

C5

C4

Si

H

H

H

H

H

H

H

H

H

H

H

O

O

O

C3

C2

C1

H

H H

H

H

H

H

H

H

 

Scheme 3.2: 
13

C NMR structure Elucidation for Functionalized Hybrid (GM) from GPTMS 

It is expected that polymerization process is initiated at the Carbonyl (C=O) and Epoxy group of 

ORMOSIL and functionalized hybrid, respectively. This is argued that carbonyl unsaturation and 

epoxy ring provides the optimum linkage to polymerize through Silicon. 

The chemical shifts for other carbon linkages are not revealed in the NMR spectra in the range of 

200-0ppm. It is attributed to the strong electronegativity of silicon atom that shifts the peaks 

downfield below zero.  

3.7.2. 1
H NMR Analysis 

The chemical shifts of the peaks in 
1
H NMR can easily identify the organic moiety in the 

synthesized silica based hybrids. It is generally observed that peaks span range from 7 ppm to 0 

ppm. The spectra given in Figures 3.26-3.28 are interpreted in terms of number of protons in the 

structure, equivalent protons, splitting pattern and coupling constant.   

The significant peak at 1.5 ppm is assigned to Si-OH groups in the Mesoporous Silica (SBA-15 

and MSU-H) that confirms the formation of SiO2 network. However, the triplet of CH3 (1.2 ppm) 

and doublet (3.4 ppm, 3.7 ppm) of CH2–O groups is likely due to PPO segment of remaining 

surfactant. The silica framework is built on the isolated hydroxyl (doublet at 1.24ppm, 3.49ppm), 

geminal hydroxyl (singlet at 3.95 ppm), and hydrogen-bonded (3.71-3.73ppm) forms between 

hydroxyl groups and water (Zhuravlev, 2000; Grünberg et al., 2004; Yuan et al., 2001, 
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Hartmeyer et al., 2007; van der Meer et al., 2010). Further, the intensities of the isolated and 

geminal hydroxyl groups are found to reduce while the signal for hydrogen-bonded forms with 

silica slightly increases. 

The tracking of incorporation of vinyl, phenyl and methacrylate organic moieties (VO, PO and 

MO) through 
1
H NMR spectra (see Figure 3.27 a-c) is difficult. It is likely due to downfield 

shifts of peaks due to electronegativity of silicon atom and the polymerization of organosilane 

altering the chemical shifts. An intense singlet at 1.5 ppm and the triplet at 1.21-1.24 ppm is 

observed in VO, assigned to Si–OH and Si-(OCH3)3 groups in silica framework. However, it is 

assumed that Si-C linkage in vinyl group develop proton quadruple signals at 3.69ppm, 3.71ppm, 

3.73ppm and 3.75 ppm (J=0.6Hz).  

The broadening of multiplet at 7.16–7.34 ppm (phenyl protons) having a frequency of 120Hz and 

3.5–3.69 ppm (methoxy and silanol hydroxyl protons) at a frequency of 31.4Hz is observed in 

PO (ORMOSIL). Further, Si–OH (J=5.5Hz) and Si-(OCH3)3 (J=13.4Hz) linkage is exhibited at 

1.5 ppm and 1.25-1.28 ppm, respectively.   

In MO, the 
1
H NMR spectra shows a doublet at 6.07-6.03ppm assigned to H8a-b (J=9.2Hz), 

while the peak at 5.52ppm (J=9Hz) may be attributed to proton that saturates the double bond at 

C8. The doublet at 4.09-4.03ppm (J=18.3Hz) and 1.91-1.88ppm (26.1Hz) attributed to H6a-b 

and H5a-b, while C-O-SiOH linkage in the polymerization give a signal at 0.67ppm (J=18Hz).  
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Scheme 3.3: Structures of Five Organosilanes (a) APTMS (b) GPTMS (c) MPTMS (d) VTMS 

(e) PTMS used for the synthesis of Functionalized Silica Hybrids from  

The functionalized hybrids also subjected to 1H NMR (see Figure 3.28 a-e) for elucidation of 

organic moieties incorporation in the silica network. The amino propyl siloxane polymer (AM)  

produced as a consequence of condensation reaction, provide a signal at 1.13–1.15 ppm, 1.6 

ppm, 2.07–2.23 ppm and 3.5-3.7 ppm for Si(OCH3)3 (J=0.4Hz), -NH2 (J=1Hz), Si-OH (J=0.2Hz) 

and CH2 groups at H6a-b (J=0.3Hz), H5a-b (J=0.3Hz), H4a-b (0.1Hz) of the polymer, 

respectively. Multiple peaks of low intensity indicates the presence of protons in water molecules 

that cause hydrolysis of methoxy groups of APTMS leading linkage of two silane molecules 

(Vrancken et al., 1995; Brinker et al., 1982). 

The 
1
H NMR spectra of functionalized hybrid (GM), also revealed similar chemical shifts as 

noted earlier for AM with the exception of –CH (2.66 ppm at H2) and –CH2 (doublet 2.08-2.10 

ppm at H1a-b) groups in epoxy ring. Further, opening of epoxy ring is assumed to develop Si-

OH or Si-O-C linkage (at 3.73-3.64 ppm) in glucidoxy hybrid. It is evident by GPTMS shift at 
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3.6 ppm after ring-opening polymerization, which is in good agreement with (Gireesh et al., 

2010; Lee et al., 2009)  

The 
1
H NMR of methacrylate, vinyl and phenyl functionalized hybrids (MM, VM and PM); 

exhibits characteristic peaks of organic moiety similar to ORMOSILS. However, shifts in the 

range of 1.1-1.2 ppm and 3.4-3.7 ppm are assigned to –CH3 and CH2–O groups at the 

hydrophobic end of the surfactant.  

The NMR analysis follows the development of Functionalized silica hybrids as successful 

venture. The variation of the organic moieties in each functionalized product is also identified. 
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(a) 

(b) 

Figure 3.26:
 1

H NMR of Mesoporous Silica (Group A) (a) SBA-15 (b) MSU-H 
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(a) 

(b) 

(c) 

 

Figure 3.27:
 1

H NMR of Monodispersed ORMOSILS (Group B) (a) VO (b) PO (c) MO 
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(a) 

(b) 

(c) 
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(d) 

(e) 

Figure 3.28:
 1

H NMR of Functionalized Silica Hybrids (Group C) (a) AM (b) GM (c) MM 

(d) VM (e) PM 
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(a) 

(b) 

Figure 3.29:
 13

C NMR of Monodispersed ORMOSIL (Group B) (a) MO and of Functionalized 

Silica Hybrids (Group C) (b) GM 
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CHAPTER IV - APPLICATION OF FUNCTIONALIZED 

MESOPOROUS SILICA HYBRIDS FOR ENVIRONMENTAL 

REMEDIATION 

4.1. Preamble 
The development of Pakistan is very closely related to its effort for environmental protection. In 

this regard, Pakistan Environment Protection Ordinance (PEPO) in 1983 defined the legal 

framework. Pakistan being a member of the third world countries is still lacking pollution 

abatement standards, environmental management infrastructure, political will and public 

awareness. 

Despite this, the group of scientists and researchers are in continuous effort to eliminate the 

wastefulness and shift to principles of sustainable development to protect the environment and 

entire ecology from harmful effects of a wide variety of toxic inorganic and organic chemicals 

discharged as industrial wastes, causing serious water, air, and soil pollution. 

In response to such challenges, efficient and cost‐effective treatment technologies are widely 

investigated. Adsorption is a well-known separation method and recognized as one of efficient 

and economic methods for water decontamination applications. A major advantage of adsorption 

lies in the fact that the persistent compounds are removed, rather than being broken down to 

potentially dangerous metabolites that may be produced by oxidation and reductive processes 

(Valderrama et al., 2007). 

A wide range of adsorbents are tested to be highly efficient due to simplicity, low cost, 

effectiveness and availability. In addition, the adsorbents can be regenerated by suitable 

desorption processes (Pan et al., 2009).  

Activated carbon is one of the most frequently used adsorbent to remove a wide range of organic 

and inorganic pollutants from water (Uzun and Guzel, 2000). Effective remediation of heavy 

metals, Phenols, PAHs using zeolite (Biskup and Subotic, 2004; Cincotti et al., 2006), 

organoclays (Gier and Johns, 2000; Koppelman and Dillard, 1977), silica, alumina, talc and pine 

bark (O‘Connell et al., 2008; Dang et al., 2009; Zewail and El-Garf, 2010) through adsorption 

process is reported. The major associated disadvantages are low adsorption capacities, weak 
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interactions with metallic ions and low regeneration. On the other hand, Ion-exchange resins can 

remove metal ions effectively but still high degree of swelling combined with poor mechanical 

stability (Nagarale et al., 2006) restricts its wide applications. 

Moving forward, the selection of novel adsorbents with multiple and diverse application range is 

a challenge. In the same spirit, promising organic-inorganic hybrids have been used for the 

removal of toxic species from wastewater (Wang et al., 2012; Gao et al., 2010; Zaitseva et al., 

2013; Simsek et al., 2012; Suchithra et al., 2012; Repo et al., 2011; Ge et al., 2010; Pang et al., 

2011; Wang et al., 2011). The characteristic feature of these compounds is combined advantage 

of functional variation of organic materials and thermally stable inorganic substrate, resulting in 

strong binding affinities. Further, the Functionalized hybrids present the best properties of each 

of its components in a synergic way and have high performances of physical, chemical and 

mechanical properties (Mercier and Pinnavaia, 1998).  

This chapter broadly describes the application of synthesized functionalized silica based hybrids 

as adsorbents for the environmental remediation of a range of pollutants from air, soil and water. 

Each section demonstrates the removal of specific pollutants. A schematic flow chart is given 

below. 

 

Scheme 4.1: The Environmental Compartments and Selected Pollutants for Environmental 

Remediation 
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4.2. Application for the Removal of Metal Ions 
Metals are problematic environmental pollutants, with well-known toxic effects on living 

systems (Evanko et al. 1997). Metals cannot be degraded or destroyed (Davydova et al., 2005). 

To a small extent they enter our bodies via food, drinking water and air. Their presence in 

compartments of environment is posing threats. The discharge from industries ending up into the 

water bodies is adversely affecting the life of humans as well as aquatic organisms. Some metals 

such as lead and mercury easily cross the placenta and damage the brain (Levine et al., 2006). 

Scientists are faced with a number of challenges directly related to metal pollution.     

Metals such as Cu, Cd, Pb, Hg, Ni, Co and Zn are introduced in the environment as a result of 

natural process of weathering and erosion of rocks. These and few other metals are added to the 

ecosystems through wastewater polluted by industrial process such as chemical manufacturing, 

metal finishing, tannery and use of fertilizers and pesticides (Bradl, 2005). 

The identification of metals in the different environmental compartments is a great challenge. 

Ground water sources are continuously being contaminated by the release of toxic pollutants. 

The most disastrous threat is posed by mercury, arsenic, lead and chromium.   

Mercury is a known and potential human carcinogen and neuro poison. The refused and 

discarded consumer products like fluorescent light bulbs, electrical fixtures, auto switches, 

thermostats, and medical equipment releases mercury to the environment. The organic and 

inorganic ligands make strong complexes, making mercury soluble in oxidized aquatic systems. 

The chemistry of arsenic is complex due to its presence in several oxidation states. Arsenic 

compounds are used to make special glass, semi-conductors, dyes, and drugs. Seafood and 

drinking water also contain arsenic. Many arsenic compounds sorb strongly to soils and are 

therefore transported in groundwater and surface water. 

Lead and lead containing compounds are very toxic for human health and the environment. It 

causes inhibition of some enzymes activity and disruption in the nervous system resulting in 

severe health problems, ending up by death. Beside that it causes lower IQs, behavioral changes 

and concentration disorder in children (Gupta et al., 2001; Lenntech, 2011).  Lead is listed as No. 

2 out of 783 hazardous substances Comprehensive Environmental Response, Compensation, and 

Liability Act (CERCLA) (EPA, 1992).  
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Chromium is widely used in industrial applications as corrosion inhibitor (Owlad, 2009) in 

cooling towers, metal plating, leather tanning, and dye manufacture (Kotas and Stasicka, 2000). 

Chromium can be found in the natural environment, however, large doses of Cr(VI) are linked to 

cancer, skin ulcers, and other maladies (Agency for Toxic Substances and Disease Registry, 

1994). Evidence of human health impacts have also been shown in several DNA interaction 

studies with chromium (Snow, 1994; Zhitkovich et al., 1996, Plaper et al. 2002). The removal of 

metal ions from wastewaters is a much needed subject for research. Different approaches and 

methods are attempted by scientists, but most of these processes are unacceptable, owing to the 

disposal of sludge, their high cost, low efficiency and inapplicability to a wide range of 

pollutants (Barakat, 2011). 

In the present investigation, the Synthesized Mesoporous Silica hybrid materials are applied in 

batch experiment to assess the feasibility of these materials as adsorbents for the remediation of 

toxic metals.  

4.3. Application for the Removal of Phenols 
Phenols are important aromatic compounds having antioxidant properties. It can inhibit the 

oxidative degradation of organic materials. Phenols are natural constituent in a number of 

biological aerobic organisms such as human blood plasma, mammalian urine, pine needles and 

oil from tobacco leaves. Phenol derivatives such as α-tocopherol is a component of vitamin E, 

thymol and carvacrol are component of lignin, from which phenol is liberated by hydrolysis.  

Commercially, phenol is used in the production of phenolic resins phenol–formaldehyde resin 

called Bakelite phenolphthalein used as an indicator. Dilute solutions of Phenols are useful 

antiseptics, since Phenols are more acidic than aliphatic alcohols. However, its toxic fumes cause 

kidney damage. It is likely that Phenol solution contains dioxins. Consequently, phenol has only 

limited use in pharmaceuticals today because of its toxicity. Phenols penetrate deep into the 

tissue, leading to gangrene through damage to blood vessels (Nair et al., 2008). Ingestion of 

phenols in concentration from 10 to 240 mg/L for a long time causes mouth irritation, diarrhea, 

and excretion of dark urine and vision problems (Navarro et al., 2008).  

Most of the phenol absorbed by the body is excreted in the urine as phenol and/or its metabolites. 

Only smaller quantities are excreted with feces or exhaled. The refractory Phenols form stable 

free radicals. Such a property is undesirable (Nguyen et al., 2003) that makes it an important 
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pollutant in wastewater. Phenols are released by industries that produce chlorophenols for use as 

fungicides and insecticides in agriculture sector.  

A number of phenolic compounds like chlorinated, nitrated, methylated or alkylated are 

prevalent in the environment due to chemical processing industries and use of numerous 

pesticides. For instance, N-acetylated aminophenol is a component of Paracetamol (Nagaraja et 

al., 2003). 3-aminophenol, 2-aminophenol and 2.4-diaminophenol is used as biomarker for 

analysis of drugs (Vecchia and Tavani, 1995), precursor for indol synthesis, preparation of hair 

dyes (Chen et al., 2004), respectively. Nitrophenols result due to environmental reaction of 

phenol with nitrite ions.  

Toxicity of Phenolic compounds is due to hydrophobic nature and property to generate reactive 

radicals. Phenolic compounds in potable water emit an unpleasant odor and flavor in 

concentration as low as 5μg/L and are poisonous to aquatic life, plants and humans.  

Furthermore, the position of substitution in phenol molecule also affects the toxic action. p-

nitrophenol is classified as a priority pollutant and potential environmental toxicant (Leung et al., 

1997) due to its rapid breakdown in water. The Maximum Contaminant Level of 1 μg/L in 

drinking water (USEPA, 1986) is defined for phenols.  

The significant environmental risks urge for the rapid removal and detoxification of phenols.  

Different physical, chemical and biological treatment processes are frequently employed (Zylstra 

et al., 2000; Takahashi et al., 1994). For instance, adsorption, ultrasonic irradiation and microwave 

assisted oxidation are preferred for removal of p-nitrophenol. Further, different materials for 

adsorption are investigated by a number of researchers. Roostaei et al., (2004) applied activated 

carbons, activated alumina, filtrasorb-400, silica gel and zeolites for adsorption of phenol from 

water. Cardenas et al., (2005) attempted porous clay heterostructure as adsorbents for removal of 

phenol and dichlorophenols.  

The present study reports the removal of 4-amino phenol and p-nitrophenol using the 

functionalized Mesoporous Silica based hybrids as adsorbents.   

4.4. Application for the Removal of Polycyclic Aromatic Hydrocarbons 
An important class of gas-phased organic compounds grouped as Polycyclic Aromatic 

Hydrocarbons (PAH) is characterized by having low vapor pressure and hydrophobic property. 

PAHs are formed during incomplete combustion of coal, gasoline, wood (Jenkins et al., 1996; 
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Oanh et al., 1999; Schauer et al., 2001; Shen et al. 2011), forest fires and volcanic eruptions 

(Nikolaou et al., 1984; Baek et al., 1991; Ohura et al. 2003; Sinha et al. 2005). The residential 

and industrial heating process is estimated to accounts for 80% of total PAH emissions (Manoli 

et al., 2000). 

Polycyclic aromatic hydrocarbon (PAHs) compounds are included on the priority pollutant lists 

of the European Union (EU) and United States Environmental Protection Agency (USEPA) 

because of their mutagenic, carcinogenic, and endocrine-disrupting properties (Vidal et al., 

2011).  PAHs are also included in a class of persistent organic pollutants (POPs) (Wild and 

Jones, 1995) due to low water solubility, electro-chemical stability (Cerniglia, 1992) and 

resistant to biodegradation (Maliszewska-Kordybach, 1999). PAHs also accumulate in air, water 

bodies, soil and food as contaminants. PAHs contamination in the ground (Nadim et al., 2000) 

and carcinogenic potential ((IARC, 2009) in refinery workers (Lewis et al., 1984) has also been 

recognized. Naphthalene is associated with significant carcinogenic effects in humans (National 

Toxicology Program, 2000; Deutsche Forschungsgemeinschaft, 2001) likely due to exposure to 

Cigarette smoke. Mainstream versus side stream contains 0.3 - 4.0 µg and 7.8-46 µg naphthalene 

(Hoffmann et al. 2001; Huynh 1984; Schmeltz et al. 1978, 1976) in one cigarette smoke. 

According to (Chang et al., 2004), naphthalene is a frequently recorded pollutant and can pose a 

threat to ground-water resources (Williams et al., 2003; Goerlitz et al., 1985).  

The removal of these pollutants is of great concern among researchers and environmentalists. A 

number of international protocols demand the need to control the emission or release of these 

pollutants from the industrial sector of the world. Compliance to the protocols led to the 

development of different materials that present the ability to rectify the problem of 

environmental pollution.  

It is understood that PAHs are not easy to degrade by biological or chemical methods. Therefore, 

it seems imperative to develop effective adsorbents for removing PAHs from the environment. 

There are very few studies on the adsorption of PAHs. Meso-structured inorganic silicas are 

evaluated to have high adsorption capacity (Lee et al., 2004; Sanz et al., 2012; Shahbazi et al., 

2012). Further, organic/inorganic hybrids have been successfully used as adsorbents (Wang et 

al., 2006) due to high potential charge association for adsorption.   
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This section is directed towards the application of synthesized silica based hybrids as adsorbent 

for the remediation of organic pollutants. The environmental contaminants selected as 

representatives of organic substances for the present investigation are naphthalene and 

phenanthrene in a batch mode was the selected experimental design for control of organic 

pollutants.  

4.5. Experimental Method for Adsorption Studies 

4.5.1. Adsorption Protocol for Metal Ions Removal 

A known mass (3mg) of each silica based hybrid (Mesoporous Silica, monodispersed 

ORMOSILS and functionalized hybrid) is added to a known concentration of metal (mercury, 

arsenic, lead, chromium) salt solution. The contact of hybrid (adsorbent) and metal (adsorbate) is 

made for a known time (20 minutes) on the shaker (Lab-companion SK-300).  An aliquot is 

drawn after every 2 minutes, filtered and analyzed on Inductively Coupled Plasma 

Spectrophotometer with Mass Spectrometer (ICP-MS) (7500, Single Turbo System, Agilent) to 

determine the remaining concentration in the solution. The adsorbed concentration on the 

adsorbent or uptake on each hybrid is calculated by Equation I: 

   (
     

 
)                                          

where Ci,Ct and Ce (mg/L) are the liquid- phase concentrations of adsorbate initially, at time t 

and at equilibrium, respectively. V is the volume (L) of the solution and W is the weight (g/L) of 

sorbent. 

Removal of Metals (%R) by the synthesized silica based hybrids is determined from the relation 

given in Equation II: 

   (
     

  
)                                        

4.5.2. Adsorption Protocol for Phenols Removal 

A known mass (3mg) of each silica based hybrid (Mesoporous Silica, monodispersed 

ORMOSILS and functionalized hybrid) is added to a known concentration of phenol (4-

aminphenol and p-nitrophenol) solution. The contact of hybrid (adsorbent) and phenol 

(adsorbate) is made for a known time (20 minutes) on the shaker (Lab-companion SK-300).  An 

aliquot is drawn after every 2 minutes, filtered and analyzed on UV-Vis spectrophotometer (UV-
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1601, Shimadzu) at the wavelength (λmax) of 275nm and 317nm for 4-aminphenol and p-

nitrophenol, respectively. The concentration uptake was determined from the calibration curve 

constructed for standard phenol solution of five known dilutions. The adsorbed concentration 

and removal of Phenols (%R) on the synthesized silica based hybrids is calculated by Equations I 

and II, respectively.  

4.5.3. Adsorption Protocol for PAHs Removal 

A known mass (3mg) of each silica based hybrid (Mesoporous Silica, monodispersed 

ORMOSILS and functionalized hybrid) is added to a known concentration of polyaromatic 

hydrocarbons (naphthalene and phenanthrene) solution. The contact of hybrid (adsorbent) and 

PAH (adsorbate) is made for a known time (20 minutes) on the shaker (Lab-companion SK-300).  

An aliquot is drawn after every 2 minutes, filtered and analyzed on UV-Vis spectrophotometer 

(UV-1601, Shimadzu) at the wavelength (λmax) of 275nm and 250nm for naphthalene and 

phenanthrene, respectively corresponding to maximum absorbance. The concentration uptake 

was determined from the calibration curve constructed for standard PAH solution of five known 

dilutions. The adsorbed concentration and removal of PAHs (%R) on the synthesized silica based 

hybrids is calculated by Equations I and II, respectively.  

4.6. Results and Discussion 

4.6.1. Removal of Metal Ions 

Each of the functionalized silica hybrids are applied as adsorbents for the removal of chromium, 

lead, mercury and arsenic from the aqueous media in a batch protocol. The uptake of each metal 

was analyzed on ICP-MS. The adsorption results (shown in Figure 4.1) on Mesoporous Silica 

(Group A) and Monodispersed ORMOSILS (Group B) indicates a general increase in removal 

potential with increasing time. The maximum adsorption potential secured by SBA-15 and 

MSU-H follows the same sequence i.e, Hg < As < Pb < Cr. However, MSU-H is found relatively 

better adsorbent.  This preference can be assigned to BET and TG characterization revealing 

smaller particle size, larger surface area and increased kinetic energy at higher operating 

temperatures. The well-defined porous structure (Feng et al., 1997; Mercier and Pinnavaia, 1997) 

of the synthesized adsorbents further defines their contribution to high loading capacities for 

metal ions from aqueous solutions. The significantly high percentage removal of toxic metals 

ranging from 71%-99% by the Mesoporous Silica is a good contribution of present research 
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towards environmental remediation. Further, adsorption results reiterate the use of sodium 

silicate for synthesis of Mesoporous Silica (discussed earlier).   

Group B members as shown in Figure 4.2 are observed to have maximum adsorption potential 

for chromium (98%) and least for mercury (78%) as noted earlier for Mesoporous Silica. 

However, there is a shift over in the mid-order sequence for lead and arsenic. VO shows more 

adsorption for earlier than later metal, whereas reverse order is noted for PO. It might suggest 

that organic moiety having saturation (vinyl group) and unsaturation with conjugation (phenyl 

group) provides better binding to divalent (Pb
+2

) and trivalent (As
+3

) ions, respectively. 

Each of the functionalized silica hybrids with five different organic moieties reveals interesting 

adsorption trends for the uptake of metals. The graphical presentations (see Figure 4.3) show 

striking unanimously adhered decreasing adsorption sequence of Pb ≥ Cr > As > Hg. On further 

probe, it appears that GM and PM have almost superimposed adsorption for Pb and Cr with 

significantly lower removal percentage of Hg by the earlier than later. On the contrary, a regular 

incremental increase from mercury to chromium is demonstrated by AM, VM, and MM. It is 

also noted that effect of organic moiety is manifested on the percentage removal. The minimum 

and maximum adsorption for the metals depicts range of 62-96%, 38-99%, 68-99%, 79-93% and 

67-98%  on AM, GM, MM, VM, and PM, respectively.    

The behavior of vinyl and phenyl in ORMOSILS (Group B) and Hybrids (Group C) can be 

appraised.  As hypothesized earlier for ORMOSILS that unsaturation with conjugation (phenol 

group) binds more trivalent than divalent ions.  The reverse array is found for Hybrids.  The 

possible explanation appears that induction of Na
+
 ions (sodium silicate) is likely to suppress the 

conjugated unsaturation. Thus, previously available/ vacant binding sites for trivalent (As
3+

) are 

filled overwhelmingly by monovalent sodium and making smooth occupancy of divalent cations 

(Pb
+2

).  As a result, enhanced adsorption of Lead instead of arsenic is noted for PM and not for 

PO.  

The contribution of functionalization in the adsorptive removal of metals is also considered. The 

present study results indicate that non-functional Mesoporous Silica is relatively less efficient 

than hybrids. Improved adsorption capacity for metals is also attributed to functionalization by 

(Antochshuk and Jaroniec, 2002; Antochshuk et al., 2003; Olkhovyk et al., 2004).  
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Figure 4.1: Removal (% age) of Metal Ions on Mesoporous Silica (Group A) (a) SBA-15 (b) 
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Figure 4.2: Removal (% age) of Metal Ions on Monodispersed ORMOSILS (Group B) 
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Figure 4.3: Removal (% age) of Metal Ions on Functionalized Silica Hybrids (Group C) 
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Figure 4.4: Adsorption trends (% R) as a function of (a) Silica based Hybrids (b) Metal Ions 
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The cumulative efficacy of silica based adsorbents and metal uptake is exhibited largely in 

Figure 4.4 (a-b). This interdependence of an adsorbent and metal ion is found consistent through 

the whole spectrum of analysis. The efficacy scale of adsorbents follows the sequence: 

VM > VO> MSU-H > PO > SBA-15 > MM > PM > AM > GM (for Hg) 

PM > PO ≈ VM > VO > MSU-H > GM >MM > AM > SBA-15 (for As) 

GM >MM > PM > AM > VM > VO> MSU-H > SBA-15 > PO (for Pb) 

SBA-15 ≈ MSU-H > PM > PO > MM > GM > VO> AM > VM (for Cr) 

The qualitative performance scale of each adsorbent is characterized as Excellent for Chromium, 

Very good for Lead, Good for Arsenic and Fairly good for Mercury. The adsorption capacity and 

rate of adsorption of Cr by functionalized SBA-15 is found excellent by Li et al., 2008.  

The 3D view of the scale is shown in Figure 4.4b. The theoretical understanding gives an insight 

to the preference for the metal uptake. The highest uptake of active Cr is attributed to its 

transition nature that imparts catalytically immobilized (Carvalho et al., 1999; Cao et al., 2003; 

Bitterwolf, 2004) behavior on adsorbents. 

4.6.2. Removal of Phenols 

The application of synthesized Mesoporous Silica and functionalized hybrids is extended for the 

decontamination of Phenolic compounds using protocol of batch adsorption process. The results 

are demonstrated graphically to exhibit different relations as a function of time. The first 

observation is the dormant or insignificant role of varying contact time on percentage adsorption. 

It is encouraging to report that appreciable quantities of induced phenols on each synthesized 

material are adsorbed. This is evident by the removal percentage of more than 90% acquired on 

Mesoporous Silica and functionalized hybrids.  

It is understood from the literature that addition of surfactant sodium dodecyl sulfate (SDS) 

reduces the adsorption for phenols (Shawabkeh and Abu-Nameh, 2007). However, the enhanced 

adsorption in the present study may be explained on the basis that non-ionic surfactant (P104) 

facilitates adsorption in comparison to ionic (SDS).  
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Figure 4.5: Removal (% age) of Phenols on Mesoporous Silica (Group A) 

(a) SBA-15 (b) MSU-H 
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Figure 4.6: Removal (% age) of Phenols on Monodispersed ORMOSILS (Group B) 
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Comparative analysis of Mesoporous Silicas revealed the analogous adsorption potential for 4-

aminophenol and p-nitrophenol on SBA-15 and MSU-H (see Figure 4.5).  It suggests that silica 

framework provides major retention irrespective of the substituent on phenol. Other studies 

suggest that silica retains its properties even after adsorbent regeneration process (Khalid et al., 

2004) and high Si content in zeolites is beneficial for making good adsorption potential (Khalid 

et al., 2004). This can also be proposed that Si-N (–NH2 or –NO3) linkage is significant for better 

adsorption, and this is available in both phenols.  

On the other hand, ORMOSILS show marked variation in uptake of p-nitrophenol and 4-

aminophenol with significantly reduced (by 20 orders of magnitude) adsorption of later (see 

Figure 4.6). This might be attributed to conjugation and unsaturation of phenyl/vinyl attachment 

to silica framework. Similar behavior is also noted earlier for the removal of metals (discussed 

earlier). 

On the bases of results of adsorption trends (see Figure 4.7), Functionalized hybrids can 

conveniently be categorized as potential adsorbents for (a) 4-aminophenol (b) p-nitrophenol. It is 

clearly distinguished that AM, GM MM and VM, PM belong to class (a) and (b), respectively. 

The postulate again stands true that lower adsorption of 4-aminophenol owns to unsaturation of 

vinyl and phenyl.   

Figure 4.8 (a-b) clearly draws the comparative analysis of Mesoporous Silica and functionalized 

hybrids as adsorbents for the removal of phenols with nitro and amino groups. The Mesoporous 

Silica develop comparable adsorption efficiency to functionalized hybrids (AM, GM and MM). 

This reflects that organic moiety of –amino, -glucidoxy and -methacrylate is not contributing 

significantly in providing binding sites for phenol in the silica framework.   

On the extreme, the polarization of functionalized hybrids having organic moiety of –phenyl 

(PO, PM) and –vinyl (VO, VM) is clearly visible. This polarization from normalization of 

Mesoporous Silica extends more disparity for the removal of p-nitrophenols in comparison to 4-

aminophenols. Thus, it can be concluded that p-nitrophenols develop relatively comparable and 

better retention than Mesoporous Silica on adsorbent class (a) and (b), respectively.  
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(a) (b)

(c) (d) 

(e) 

Figure 4.7: Removal (% age) of Phenols on Functionalized Silica Hybrids (Group C) 

(a) AM (b) GM (c) MM (d) VM (e) PM 
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(a) 

 

 

(b) 

 

Figure 4.8: Adsorption trends (% R) as a function of (a) Silica based Hybrids (b) Phenols 
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4.6.3. Removal of PAHs 

The organic compounds with fused aromaticity are selected as environmental pollutants for the 

present study. The synthesized materials are attempted as candidates for the remediation of 

naphthalene and phenanthrene as representative of planar and non-planar PAHs, respectively.  

The results depicted in Figure 4.9 show the adsorption capacity of 66-72% on Mesoporous 

Silica. This and amine-functionalized SBA-15 is reported to be good adsorbent for naphthalene. 

The presence of free pairs of electrons on the amine group of amine-functionalized Mesoporous 

Silicas should increase their sorptive properties for organic compounds in aqueous solutions. 

NH2-SBA-15 is better at adsorbing halophenols than SBA-15 (Anbia and Amirmahmoodi, 

2011). A deeper insight shows relatively lower retention of phenanthrene than naphthalene. 

Lower adsorption is likely inclined to 3-fused rings in non-planar arrangement finding its way 

difficult to diffuse into mesopores of silica framework due to steric hindrance of larger molecule.  

The extended application of ORMOSILS as adsorbent for the removal of selected PAHs explains 

comparable adsorption for both (see Figure 4.10). This is likely the outcome of unsaturation 

induced by –vinyl and –phenyl moieties in VO and PO. 

Another aspect of these organic moieties in functionalized hybrids is identified as shown in 

Figure 4.11. Here, adsorption of phenanthrene is reduced specifically by AM and GM down to 

10 orders of magnitude. This also indicates that other organic moieties do not have a 

discriminatory look for Naphthalene and phenanthrene.  

The broad conclusion of the present adsorption trends is the development of three adsorbent 

categories (see Figure 4.12 a-b).  Mesoporous silica, ORMOSILS, and functionalized hybrids 

showing comparable, relatively lower and appreciably lower adsorption for phenanthrene in 

comparison to Naphthalene.  

A general comparison of silica based hybrids as adsorbents for the removal of PAHs and Phenols 

highlight the different efficacy extent. Phenols are observed to take the lead by showing more 

adsorption than PAHs. Larger molecular weight and fused aromaticity likely appear as 

hindrances to better retention of selected PAHs.  
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(a) 

 

(b) 

Figure 4.9: Removal (% age) of Phenols on Mesoporous Silica (Group A) 

(a) SBA-15 (b) MSU-H 

 

 

 

42

52

62

72

82

0 2 4 6 8 10 12 14 16 18 20

%
 R

em
o

v
a

l 

Time (min) 

SBA-15 
Phenenthrene

Naphthalene

42

47

52

57

62

67

72

0 2 4 6 8 10 12 14 16 18 20

%
 R

em
o

v
a

l 

Time (min) 

MSU-H 
Phenenthrene

Naphthalene



115 

 

(a) 

 

(b) 

 

Figure 4.10: Removal (% age) of Phenols on Monodispersed ORMOSILS (Group B) 

(a) VO (b) PO 

 

 

40

50

60

70

80

0 2 4 6 8 10 12 14 16 18 20

%
 R

em
o

v
a

l 

Time (min) 

VO 
Phenenthrene

Naphthalene

40

45

50

55

60

65

70

0 2 4 6 8 10 12 14 16 18 20

%
 R

em
o

v
a

l 

Time (min) 

PO 
Phenenthrene

Naphthalene



116 

 

(a) (b) 

(c) (d) 

(e) 

Figure 4.11: Removal (% age) of Phenols on Functionalized Silica Hybrids (Group C) 

(a) AM (b) GM (c) MM (d) VM (e) PM 
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(a) 

 

(b) 

 

Figure 4.12: Adsorption trends (% R) as a function of (a) Silica based Hybrids (b) PAHs 
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CHAPTER V - APPLICATION FOR NITROGEN SORPTION 

AND ADSORBENT REGENERATION 

5.1. Introduction 
The success of any adsorbent material is tested on two important parameters.  The scaling up of 

in-silico experiments to the industrial application. Another aspect is the life time of the proposed 

adsorbents. This can conveniently be judged by the regeneration ability defining number of 

cyclic operations. These two approaches add to the significance of 3Rs principle and sustainable 

development. Keeping in view, the present study envisages the effective utilization of 

synthesized functionalized silica based hybrids. For this purpose, adsorption experiments are 

designed to define the adsorption-desorption Hysteresis loop for Nitrogen gas.  

Gas adsorption process on Mesoporous silica is understood as an active interaction of nitrogen 

molecule with the solid surface. The porous structure and large surface area of adsorbent 

facilitates in temporary or permanent linkage of incoming molecule. The extent of linkage 

defines the interactive forces operative.   

The amount of pollutant on each functionalized hybrid as a function of pressure results in 

adsorption. The possible structure and mechanism involved can be predicted on the basis of 

shapes of curves. Six types of adsorption- desorption curves are reported in the literature. A brief 

overview is sketched below (Sing et al., 1985). 

Type I is characteristic of microporous materials showing slope to be sharp, horizontal and tail-

curve when relative pressure is low, high and near to 1, respectively. The macroporous or 

nonporous materials follow Type II curves related to monolayer to multilayer adsorption. The 

type III defines weak to strong interaction between adsorbent-adsorbate and adsorbate-adsorbate, 

in respective order demonstrated by a rapid increase of quantity adsorbed on multilayers. The 

Type IV hysteresis loop is peculiar to Mesoporous materials. Whereas, Type V is exhibited by 

both Mesoporous and Microporous adsorbents. The rarest curve is Type VI exhibited by 

nonporous surface. Shapes of Six curve types are given below: 
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Figure 5.1: Types of sorption isotherms and hysteresis loops (IUPAC, 1985) 

The possible mechanisms governing the Adsorption Hysteresis curves are;  

(1) The transitory equilibrium that is between the vapor and condensed form of induced 

sample is characteristic of adsorbent defined as Independent Pores. This develops H1 

type Hysteresis loop. For example, MCM-41 or SBA-15.   

(2) The contribution of interconnected pores of varying pore size and pore shapes, leads to 

H2 hysteresis that represents disordered Pore Network 

(3) The interconnectivity of pores on surface with irregular symmetry and pore size are 

classified as Disordered Pores. 

5.2. Experimental Method 
The efficacy of synthesized functionalized silica based hybrids is determined for the adsorption 

of Nitrogen gas in the present investigation. For this purpose, the following procedure is adopted. 

A known mass of pre-dried silica hybrid is subjected to degasing in a glass tube kept under a 

pressure of 10 µm Hg at 160 ˚C for 30 minutes. This is followed by immersion of glass tube in 

liquid nitrogen in the chamber of Micrometrics instrument (ASAP, 2020). The N2 

adsorption/desorption is measured at 77 K. A graph is constructed to determine the quantity of 

N2 adsorbed as a function of its relative pressure.   
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5.3. Results and Discussion 
The adsorption of N2 as representative of gaseous pollutant is attempted on presently synthesized 

materials. The breakthrough curves are presented in Figures 5.1, 5.2 and 5.3. It is observed that 

quantity of N2 adsorbed increases at higher pressure on Mesoporous silica. A saturation of 

360cm
3
/g is attained linearly by MSU-H, whereas SBA-15 extends steeply beyond and higher 

quantity of 660cm
3
/g is adsorbed reflecting twofold better adsorption potential than MSU-H.  

The better performance of SBA-15 for gaseous pollutants may postulate that reduced pore size 

and enhanced pore volume are the controlling parameters. It is understood earlier that MSU-H 

better retains the liquid pollutants (metals, phenols) attributed to its larger surface area. It also 

proposes that ‗Independent Pore diffusion‘ is the dominant mechanism for SBA-15. The 

desorption curve at higher and lower pressure for SBA-15 and MSU-H can be designated as 

Type IV and Type I hysteresis, respectively. The comparison of Mesoporous silica suggests that 

SBA-15 has more regeneration capacity attributed to hexagonal Mesoporous than 

homogeneously distributed lamellar structure of MSU-H (see Figure 5.1 a-b).  

On the other hand ORMOSILS represent a relatively lower adsorption potential for N2. It can be 

explained on the basis that –vinyl organic moiety saturate the silica framework making the 

surface non-porous. This results in reduced quantity of 8cm
3
/g on VO (see Figure 5.2). Further 

the overlapped desorption curve suggest the non-regeneration ability of ORMOSILS. Its 

breakthrough curve has a close resemblance to Type II shape.  

It is reported here that –phenyl and –methacrylate substituted ORMOSILS (PO and MO) did not 

construct the breakthrough curve and deformed because of non-sustainability under the applied 

temperature-pressure conditions.  Functionalized silica hybrids depicted intermingled adsorption-

desorption characteristics depending on the organic moiety. The breakthrough curves can 

conveniently be designated as Type I and Type II (see Figure 5.3 a-e). The –amino, -

methacrylate, -vinyl and –phenyl moieties follow a monotonic approach homogeneously 

distributing the induced nitrogen gas from the pores and getting it condensed onto the surface. 

On the extreme, Type II is exhibited by GM proposing its surface to be nonporous. On average 

lower N2 adsorption is noted for functionalized silica hybrids in comparison to Mesoporous 

silica. The adsorption potential for Nitrogen follows the sequence:  

PM (48cm
3
/g) > MM (38cm

3
/g) > AM (34cm

3
/g) > VM (26cm

3
/g) > GM (3cm

3
/g). 
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(a) 

 (b) 

 

Figure 5.2: N2 breakthrough curves for Mesoporous Silica (Group A) (a) SBA-15 (b) MSU-H 
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Figure 5.3: N2 breakthrough curves for Monodispersed ORMOSIL (Group B) (VO) 

(a) 

(b) 
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(c) 

 (d) 

(e) 

Figure 5.4: N2 breakthrough curves for Functionalized Silica Hybrids (Group C) (a) AM (b) GM 

(c) MM (d) VM (e) PM 
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CHAPTER VI - EQUILIBRIUM AND KINETIC STUDIES 

6.1. Preamble 
The dynamic behavior of a material is a good approximation to determine equilibrium between 

adsorbate and adsorbent.  Adsorption isotherms are the fundamental equilibrium data applied to 

express the surface properties and affinity of the adsorbent. The amount of adsorbate on the 

adsorbent as a function of concentration at constant temperature is determined by a number of 

adsorption Isotherms. The quantity adsorbed is nearly always normalized by the mass of the 

adsorbent to allow comparison of different materials and compare the adsorptive capacities of 

the adsorbent for different pollutants.  

The rate that controls the reaction to proceed to equilibrium is governed by different kinetic 

equations. The applications of kinetics identify the possible mechanisms of adsorption process. 

The first order, pseudo first order, pseudo second order and intra particle diffusion are commonly 

employed kinetics. The conformity between experimental data and the adsorption isotherm 

model or adsorption kinetics predicted values is expressed by the correlation coefficient (r
2 

values close or equal to 1). A relatively high r
2
 value indicates that the model successfully 

describes the kinetics of adsorption (Fadali et al, 2005). The correlation matrix defines the intra 

and inter-dependence of one component on other.  

The data set obtained from the experimental design of the present investigation was treated with 

widely accepted adsorption Isotherms and kinetics models. The objective was to determine the 

efficiency of the newly synthesized Mesoporous functionalized silica hybrids for the remediation 

of different pollutants. The Isotherms quantifies the ability in terms of the amount of pollutant 

adsorbed per unit mass of the adsorbent and adsorption kinetics determines the rate of removal.  

6.1.1. Batch Sorption Equilibrium Dynamics 

Sorption equilibrium experiments are carried out by different adsorbents against optimized 

concentration of adsorbate. In the present investigation, solid–liquid adsorption data was 

interpreted through most widely used 2-parameters Langmuir (Langmuir, 1918; Senthil et al., 

2010), Freundlich (Freundlich, 1907; Allen and Brown, 1995; Sanchez et al., 1999), Temkin 

(Temkin & pyzhev, 1940; Wasewar et al., 2008). Linearized form of these isotherms and their 

parameters are listed in Table 6.1. 
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6.1.2. Batch Sorption Kinetics 

Adsorption kinetics of pollutants is considered for experimental data obtained from optimize 

sorbent dose and adsorbate concentration with variation of different adsorbents. The transfer of 

adsorbate from solution onto an adsorbent surface was studied by considering two main types: 

reaction-based models and diffusion-based models. Sorption kinetics based on reaction of 

adsorate with sorbent surface was explored for Zero-order (Panida & Pisit, 2010); Pseudo-first 

order (Lagergren, 1898; Ho & Mackay, 1999; Sangi et al., 2008); and Pseudo-second order 

(Schiewer & Patil, 2008). To analyze the diffusion mechanism, Intraparticle diffusion (Weber & 

Morris, 1963), was employed. Kinetic models and their parameters are summarized in Table 6.1. 

Application of above mentioned models are for exploring mode of adsorption of metal ions, 

phenols and PAHs onto functionalized silica based hybrid surfaces by considering three steps: 

 External mass transport, 

 Intraparticle diffusion, and  

 Adsorption rate at interior sites 

Sequencing of steps determines transport dynamics acted in series or in parallel to affect the 

sorption of pollutants onto the adsorbents. 

6.2. Results and Discussion 
Application of Isotherms and Kinetic models are applied to explore the mode of adsorption for 

metal ions, phenols and PAHs onto functionalized silica based hybrid surfaces. 

6.2.1. Batch Sorption Equilibrium Dynamics 

Equilibrium isotherms are applied to get an insight of sorption mechanism to propose surface 

properties and affinity of adsorbents. For practical design of adsorption, isotherms are considered 

as indispensable data source for adsorbent and adsorbate relationship. A number of equations are 

suggested and applied by researchers for analyzing experimental data. Most frequently 

experienced isotherms are Langmuir, Freundlich; current study incorporates Temkin isotherm 

beside the most tested one. These models are applied onto experimental data extracted from 

batch sorption studies performed at fixed initial adsorbate concentration and sorbent dose by 

changing adsorbents at room temperature for optimum contact time. 
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Table 6.1: Adsorption Isotherms and Kinetic Models and their Linearized Expression 

 

Isotherms Linear expression Plot Parameters 

Langmuir 

 (1918) 

  
  
 

 

    
 
  
  

 Ce /qe v Ce 
qm=1/ slope 

KL= slope/ intercept 

Freundlich  

(1906) 
            

 
 ⁄       log qe  v log Ce 

n=1/ slope 

KF=Antilog( intercept) 

Temkin 

 (1940) 
               qe v ln Ce 

B= slope 

KT=exp(intercept /slope) 

Kinetic Models 

Zero order (     )        (     ) v t 
k = slope 

qe = intercept 

Pseudo1
st
 

order 
   (     )        (

  
     

)   
   (     ) v 

t 

k1 = slope 

qe = Antilog(intercept) 

Pseudo2
nd

 

order 

 

  
 

 

    
  (

 

  
)   

 

  
 v t 

qe = slope 

h = intercept 

k2 = intercept/(slope)
2
 

Intra particle  

diffusion 
       

      qt v t 
kip = slope 

C = intercept 
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a) Langmuir Isotherm 

Langmuir isotherm conventional use is to measure and compare efficiency of different sorbents 

(Langmuir, 1918). It was originally developed to signify physiosorption of gas on activated 

carbon, possesses well-defined adsorption sites having the same adsorption energy (Davis et al., 

2003). Energetically identical surface binding sites have equal affinity for the sorbate with no 

interaction among these molecules is main assumption in its formulation (Senthil et al., 2010). 

So this model is also called the ideal localized monolayer model. For solid–liquid systems, the 

Langmuir isotherm is given as:  

     
      

 
       (6.1) 

Linear form of the Langmuir isotherm is: 

  

  
 

 

    
 

  

  
  (6.2) 

where KL is sorption equilibrium constant (L/mg), qm is measure of the maximum adsorption 

capacity (mg/g) in the system; qe and Ce are sorbed and residual adsorbate concentration. A plot 

of Ce/qe versus Ce should indicate a straight line of slope (1/qm) and an intercept of (1/KLqm) from 

which qm and KL can be calculated.  

Application of the Langmuir isotherm equation to analyze the equilibrium isotherms of metal 

ions, phenols and PAHs gives linear plots for SBA-15, MSU-H, VO, PO, AM, GM, MM, VM 

and PM, respectively. 

b) Freundlich Isotherm 

The Freundlich adsorption isotherm usually fits the experimental data over a wide range of 

adsorbents (Allen and Brown, 1995; Sanchez et al., 1999). Freundlich isotherm gives the 

relationship between equilibrium liquid and solid phase capacity based on the multilayer 

adsorption (heterogeneous surface). The isotherm derivation is based on the assumption that the 

adsorption sites are distributed exponentially with respect to the heat of adsorption and is given 

by (Freundlich, 1907):  

       
 

 (6.3) 

Linear form of the Freundlich isotherm is: 

            
 
 ⁄        (6.4) 
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where KF (mg/g) indicates the multilayer adsorption capacity and 1/n an empirical parameter 

related to the intensity of adsorption. Its value in the range of 2-10 indicates favorable sorption.  

A plot of log qe against log Ce yields a straight line, the values of constants (1/n) and (log KF) can 

be obtained from slope and intercept respectively, from which n and KF can be calculated.  

c) Temkin isotherm 

The assumption of Temkin isotherm equation is that the heat of adsorption of all the molecules in 

layer decreases linearly with coverage due to adsorbent-adsorbate interactions (Temkin & 

pyzhev, 1940). The adsorption is characterized by a uniform distribution of the bonding energies, 

up to some maximum binding energy (Wasewar et al., 2008). The Temkin isotherm is given as: 

   
  

  
  (    )   (6.5) 

On linearization the equation becomes: 

                 (6.6) 

where B= RT/bT, constant bT (KJ /mol) is related to the heat of adsorption and KT (L/g) is the 

equilibrium binding constant. A plot of qe versus lnCe enables to determine bT and lnKT from the 

slope and intercept of straight line plot from which B and KT can be calculated. 

d) Equilibrium Study 

Langmuir explains the significant relationship of the amount adsorbed on the surface of 

synthesized adsorbents to the residual concentration of the metals in the following sequence: As 

> Cr > Pb > Hg (see Table 6.2).  The good fitness of Langmuir for all the adsorbents suggest the 

maximum saturation of metal pollutants on the monosurface layer suggesting that material is 

composed of multilayered components.  

The uptake of As onto the synthesized adsorbents suggest that mechanism is capillary diffusion 

through the pores in comparison to surface attachment of mercury, lead and chromium.  

The quantity adsorbed of the pollutant on the surface layer is decreasing linearly. Fitness of 

Temkin Isotherm indicating uniform distribution of the pollutant into the pores of adsorbent. 

Therefore the quantity adsorbed on the surface layer has a linear relationship for Removal of 

mercury by all the adsorbents. The fitness of experimental data to Temkin parameters for the 

removal of metal pollutants follow the general sequence as: As > Hg > Pb > Cr.  
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In case of Group A, MSU-H and SBA-15 are comparable for the removal of metal pollutants 

follows the fitness of Langmuir, Freundlich and Temkin isotherms. 

In the experimental data for Group B, VO fitness is relatively more than PO. However, the 

experimental data for fitness of adsorption isotherms in case of Group C having comparable 

trend for VM and PM. 

The treatment of present study data to Langmuir, Freundlich and Temkin Isotherms 

demonstrated R
2
 ≈ 1 for each of the synthesized silica hybrids, applied as adsorbent for the 

removal of both phenol derivatives; 4-aminophenol and p-nitrophenol (see Table 6.3). This 

confirms the adsorption of phenols on the homogenous surface layer also indicates multilayer 

adsorption for all the silica hybrids resulting in an intricate adsorbate-adsorbent interaction. The 

homogeneity of the adsorbent structure is attributed to the silica commonly present in all the 

hybrids synthesized. However, heterogeneity is attributed to the induction of organic moieties 

within the silica network. Fitness of Temkin Isotherm indicating uniform distribution of the 

pollutant into the pores of adsorbent. Overall results indicate that all adsorbents followed the 

three isotherms almost best fitted, except that Freundlich isotherm data is not good fitted for 

adsorption of phenols on GM that may be attributed to the blockage due to bulkiness of organic 

moiety leads to less adsorption.  

Same trend is observed for PAHs removal data by all the adsorbents that is R ≈ 1, best fitness of 

Langmuir, Freundlich and Temkin isotherms. This articulates that silica hybrids are multilayered 

structures allowing the uptake of PAHs on mono sub-layers in accordance with the energy. 

Further, smaller value of 1/n and larger value of KF indicates that the adsorbent has greater 

affinity for a particular metal ion over another (Ilkay, 2011). It is interesting to note that 

negligibly small values of ‗n‘ are calculated for each metal adsorbed on prepared composites (see 

Table 6.4). In addition, the negative values of heat of sorption represented as B (KJ/mole) 

indicate weak sorbate-sorbent interaction proposing a shallow physisorption wells for pollutants 

uptake on the surface of composites. 
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Table 6.2: Langmuir, Freundlich and Temkin Isotherms Analysis against Sorption Variables for 

Metals 

Sorbents SBA-15 MSU-H VO PO AM GM MM VM PM 

Langmuir Parameters:                                        Mercury 

qm (mg/g) 35.46 40.81 42.37 5.34 4.977 3.409 8.968 42.19 29.41 

KL(L/mg) -0.065 -0.079 0.088 -0.029 -0.024 -0.016 -0.031 -0.089 0.050 

R
2
 0.988 0.991 0.983 0.739 0.93 0.818 0.904 0.988 0.985 

Lead  

qm (mg/g) 5.524 5.015 4.72 3.157 7.142 9.615 8.510 6.443 8.278 

KL(L/mg) -1.56 -1.26 -1.72 -0.534 -5.76 -115 -97.5 -3.001 -28.09 

R
2
 0.996 0.985 0.995 0.988 0.996 0.999 0.998 0.990 0.998 

Arsenic 

qm (mg/g) 51.28 54.64 70.42 72.99 52.63 53.47 52.91 73.5 76.33 

KL(L/mg) -0.123 -0.148 -0.39 -0.46 -0.13 -0.13 -0.134 -0.492 -0.639 

R
2
 0.999 0.999 1 1 1 0.999 0.999 1 0.999 

Chromium 

qm (mg/g) 98.03 92.59 75.75 88.49 85.47 80.64 86.20 79.3 88.49 

KL(L/mg) -145.7 -21.6 -0.862 -3.531 -2.017 -1.22 -2.416 -0.906 -3.89 

R
2
 1 0.999 0.997 0.999 0.999 0.997 0.999 0.998 0.999 

Freundlich Parameters:                                               Mercury 

n -1.56 -1.858 -2.049 -0.621 -0.433 -0.265 -5.076 -2.040 -1.253 

KF(mg/g) 2.237 2.372 2.449 1.583 1.344 1.080 19.69 2.449 2.063 

R
2
 0.982 0.982 0.965 0.774 0.916 0.921 0.738 0.969 0.98 

Lead 

n -3.012 -2.732 -2.865 -1.328 -7.246 -125 -5.076 -4.950 -16.12 

KF(mg/g) 461.6 145.05 -84.12 11.16 -37.21 -126.7 19.69 -53.66 -42.2 

R
2
 0.985 0.95 0.96 0.986 0.925 0.88 0.738 0.933 0.902 

Arsenic 

n -2.525 -2.857 -5.241 -5.847 -2.645 -2.724 -5.076 -6.016 -7.042 

KF(mg/g) 2.592 2.676 3.000 3.043 2.625 2.645 19.69 3.054 3.109 

R
2
 0.999 0.998 0.999 0.999 0.999 0.999 0.738 0.999 0.996 

Chromium 

n -250 -88.49 -8.620 -21.69 -13.45 -5.076 -15.15 -8.849 -23.25 

KF(mg/g) 3.336 3.343 3.184 3.305 3.254 19.69 3.272 3.175 3.310 

R
2
 0.677 0.544 0.936 0.885 0.98 0.916 0.966 0.974 0.883 

Temkin Parameters:                                                     Mercury 

B (KJ/mol) -38.56 -34.62 -32.21 -50.69 -61.57 -76.21 -53.74 -32.27 -43.78 

KT (L/g) 0.005 0.004 0.003 0.008 0.009 0.009 0.008 0.003 0.006 

R
2
 0.993 0.992 0.984 0.965 0.984 0.996 0.981 0.985 0.993 

Lead 

B (KJ/mol) -2.482 -2.62 -2.438 -4.263 -1.18 -0.078 -0.263 -1.646 -0.572 

KT (L/g) 0.019 0.023 0.022 0.061 0.0006 
3.03E-

54 
3.65E-

15 0.004 
1.81E-

07 

R
2
 0.991 0.973 0.972 0.995 0.939 0.884 0.949 0.955 0.912 

Arsenic 

B (KJ/mol) -28.402 -25.93 -16.02 -14.63 -27.43 -26.84 -27.28 -14.25 -12.45 

KT (L/g) 0.002 0.002 0.0003 0.0002 0.002 0.002 0.002 0.0001 
7.15E-

05 

R
2
 0.999 0.999 1 0.999 0.999 0.999 0.999 0.999 0.997 

Chromium 

B (KJ/mol) -0.398 -1.095 -10.17 -4.359 -6.886 -7.851 -6.217 -10.12 -4.135 

KT (L/g) 1.8E-10 1.2E-39 
1.7E-

05 
7.5E-

11 
2.0E-

07 
1.1E-

06 
5.0E-

08 
1.4E-

05 
2.4E-

11 

R
2
 0.68 0.55 0.948 0.894 0.983 0.93 0.97 0.979 0.891 
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Table 6.3: Langmuir, Freundlich and Temkin Isotherms Analysis against Sorption Variables for 

Phenols 

Sorbents SBA-15 MSU-H VO PO AM GM MM VM PM 

Langmuir Parameters:                                         

4-Aminophenol 

qm (mg/g) 9.980 9.980 5.117 5.128 9.990 9.920 9.950 5.141 5.117 

KL(L/mg) 2004 1002 1.233 -1.240 -1001 -1440 201 1.249 -1.233 

R
2
 1 1 1 1 1 1 1 1 1 

p-Nitrophenol 

qm (mg/g) 8.382 8.403 8.123 8.130 8.361 8.354 8.347 8.960 8.156 

KL(L/mg) -14.03 -14.87 -10.25 -10.33 -13.59 -13.44 -13.46 -124 -10.66 

R
2
 0.999 1 1 1 1 1 1 0.999 1 

Freundlich Parameters:                                      

4-Aminophenol 

n -166 -111 -2.512 -2.525 -2500 -5.076 -500 -2.538 -2.512 

KF(mg/g) -115 -766 66.93 68.86 -115 19.69 -459 70.920 66.93 

R
2
 0.921 0.956 1 1 0.939 0.738 0.919 1 1 

p-Nitrophenol 

n -10.85 -10.68 -9.174 -9.174 -10.68 -5.076 -10.63 -27.02 -9.345 

KF(mg/g) -48.89 -48.89 -48.89 -48.89 -48.89 19.69 -48.89 -50.00 -48.89 

R
2
 1 1 1 1 0.999 0.738 1 0.996 1 

Temkin Parameters:                                           

4-Aminophenol 

B (KJ/mol) -0.0064 -0.009 -2.847 -2.839 
-

0.0036 -0.019 -0.019 -2.829 -2.846 

KT (L/g) 0 0 0.0284 0.0282 0 
9.1E-
227 

5.4E-
219 0.0280 0.0284 

R
2
 0.921 0.956 1 1 0.939 0.779 0.919 1 1 

p-Nitrophenol 

B (KJ/mol) -0.843 -0.855 -0.987 -0.984 -0.856 -0.86 -0.862 -0.351 -0.97 

KT (L/g) 2.28E-05 2.65E-05 0.0001 0.0001 
2.68E-

05 
2.82E-

05 
2.89E-

05 
6.85E-

12 
9.34E-

05 

R
2
 1 1 1 1 1 1 1 0.997 1 
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Table 6.4: Langmuir, Freundlich and Temkin Isotherms Analysis against Sorption Variables for 

PAHs 

Sorbents SBA-15 MSU-H VO PO AM GM MM VM PM 

Langmuir Parameters:                                         

Naphthalene 

qm (mg/g) 5.249 5.181 4.880 4.854 5.390 5.376 5.115 5.0200 4.928 

KL(L/mg) -1.318 -1.269 

-
1.101 

-
1.084 

-
1.419 

-
1.419 

-
1.233 -1.176 

-
1.125 

R
2
 1 1 1 1 1 1 1 1 1 

Phenanthrene 

qm (mg/g) 4.382 4.345 4.103 4.166 4.366 4.308 4.291 4.221 4.166 

KL(L/mg) -0.875 -0.860 

-
0.774 

-
0.792 

-
0.860 

-
0.850 

-
0.841 -0.815 

-
0.796 

R
2
 1 1 1 1 1 1 0.999 1 1 

Freundlich Parameters:                                      

Naphthalene 

n -2.631 -2.564 
-

2.320 -2.298 -2.770 -5.076 -2.512 -2.433 -2.358 

KF(mg/g) 86.42 73.10 46.37 44.58 129.06 19.69 66.93 57.304 50.13 

R
2
 1 1 1 1 1 0.738 1 0.999 1 

Phenanthrene 

n -1.960 -1.934 
-

1.785 -1.814 -1.937 -5.076 -1.901 -1.855 -1.821 

KF(mg/g) 26.71 25.62 20.64 21.68 25.89 19.69 24.39 22.85 21.87 

R
2
 1 0.999 0.999 1 1 0.738 0.999 1 1 

Temkin Parameters:                                           

Naphthalene 

B (KJ/mol) -2.754 -2.808 
-

3.013 -3.035 -2.652 -2.661 -2.847 -2.914 -2.98 

KT (L/g) 0.026 0.027 0.032 0.0331 0.023 0.023 0.028 0.0301 0.031 

R
2
 1 1 1 1 1 1 1 1 1 

Phenanthrene 

B (KJ/mol) -3.379 -3407 
-

3.593 -3.552 -3.404 -3.435 -3.447 -3.502 -3.54 

KT (L/g) 0.041 0.996 0.046 0.045 0.042 0.043 0.043 0.044 0.045 

R
2
 1 1 1 1 1 1 0.999 1 1 
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6.2.2. Equilibrium Capacities from Reaction Based Models 

Validation of zero order, pseudo-first order and pseudo-second order equations for Metal ions, 

Phenols and PAHs adsorption is explored from linear plots. The equilibrium sorption capacities, 

rate constants and correlation coefficients calculated from slope and intercept of plots are 

summarized in Table 6.1. 

a) Zero-Order 

Adsorption processes whose order is zero are very rare, the rate law of zero order is: 

     
   

  
  (6.7) 

   
  

  (     )
  

   

  
    (6.8) 

where qt is  adsorbed quantity of sorbate at any time t (mg/g), k is the rate constant of adsorption 

(1/min). When certain boundary conditions were applied, then: qt =0 at t = 0; qt = qt at t = t and 

integrating Eq. (6.8), the following equation may be obtained: 

(     )          (6.9) 

Rate constant (k) and the equilibrium amount of metal ion
 
(qe) can be obtained from slope and 

intercept of plot between (qe − qt) against time (t).  

b) Pseudo-First Order 

The Lagergren pseudo-first order kinetic model is commonly used for adsorption of solute onto 

an adsorbent, with the assumption of proportionality between numbers of occupied adsorption 

sites to the unoccupied sites (Ho & Mackay, 1999; Sangi et al., 2008). The general form of this 

equation is given as: 

   

  
   (     )  (6.10) 

where k1 is the rate constant of adsorption (1/min). By applying boundary conditions (qt =0 at t 

= 0; qt = qt at t = t) and integrating Eq. (6.10), the result is: 

   (     )        (
  

     
)     (6.11) 
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Rate constant (k1) and equilibrium amount of metal ion
 
(qe) can be obtained from slope and 

intercept of plot between log (qe − qt) against time (t).  

c) Pseudo-Second Order  

Derivation of Pseudo-second order model on the basis of the sorption capacity of the solid phase 

can be expressed as (Ho, 2006): 

   

  
   (     )

  
 

 (6.12) 

where k2 is the  pseudo-second order equilibrium rate constant (g/mg min). Eq. (6.12) can be 

linearized after integrating by applying boundary conditions (qt =0 at t = 0 and qt = qt at t = t), 

as: 

 

  
 

 

    
  (

 

  
)     (6.13) 

Initial sorption rate, h (mg/g min), at t→0 can be defined as (Ho & McKay, 1998): 

      
        (6.14) 

Linear plot of t/qt against t result in a straight line, qe and h values can be obtained from slope 

and intercept of plots. Since qe is known from the slope, k2 can be calculated from the value of h. 

d) Kinetic Studies and Adsorption Capacity (qe)  

Kinetic studies suggests that for designing of a good adsorbent the variable parameters, the 

fitness of pseudo second order (see Table 6.5-6.7) indicate dependence of adsorption on more 

than one factors.  

In the present study the incorporation of different organic moieties into the silica network for 

functionalization provide more binding sites. Optimizations of available binding sites for 

adsorption are few parameters evaluated for development of good adsorbents.  

The development of Mesoporous silica and its hybrids are applied as adsorbent for the removal 

of metal ions, phenols and PAHs from the aqueous solution in batch protocol. The experimental 

data is evaluated for the adsorption capacity (qe) of each adsorbent and pollutants removal. The 

results are summarized in Table 6.5-6.7.  Based on the adsorption capacity (qe) value for metal 

ions, the Group C adsorbents are classified for adsorption efficiency as good (311-329 mg/g), 

Group B are very good (320-325 mg/g) and Group A are excellent (333 mg/g). For Phenols, the 
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adsorption capacity (qe) values signifies Group A are excellent (30-33 mg/g), Group C are very 

good (23-33 mg/g) and the Group B adsorbents are classified for adsorption efficiency as good 

(23-30 mg/g). However, based on the adsorption capacity (qe) value for PAHs, the Group B and 

C adsorbents are classified for adsorption efficiency as good (21-23 mg/g) and Group A are 

excellent (21-24 mg/g). 

It is encouraging to note that not a single composite stands below the efficiency of good 

adsorbent for the uptake of metal ions, phenols and PAHs. On further probe, it is evident that all 

adsorbents show ‗Good‘ adsorption capacity for removal of lead. On the other hand, all these 

silica hybrids as adsorbents are on the borderline capacity of ‗Good‘ and ‗Very Good‘ for 

mercury & arsenic and chromium, respectively.  For phenols and PAHs, it is reported that all 

these silica hybrids as adsorbents are on the borderline capacity of ‗Good‘ and ‗Very Good‘ for 

p-nitrophenol & phenanthrene and 4-aminophenol & naphthalene, respectively. 

It is interesting to note that Pb shows ‗Good‘; Hg, As, p-nitrophenol & phenanthrene showing 

‗Very Good‘; whereas Cr, 4-aminophenol & naphthalene exhibit ‗Excellent‘ adsorption on the 

Functionalized silica hybrids. The general sequence of adsorbent efficiency of silica hybrids for 

the Metals removal follows:  

MSU-H > SBA-15 > PM > VO ≈ PO > MM > GM > AM > VM 

For the Phenols removal follows:  

SBA-15 > MSU-H > AM > MM > GM > PO ≈ PM > VO ≈ VM 

For the PAHs removal follows:  

SBA-15 > MSU-H > AM > GM ≈ MM > VM > PM > PO > VO 

The study of Adsorption Capacity suggests the possible and potential application of each 

functionalized silica hybrid as successful adsorbent for remediation of metals, phenols and PAHs 

pollution. 
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Table 6.5: Comparison between the estimated adsorption rate constants, qe, and correlation 

coefficients associated with the Kinetic Models for Metals 

 Zero-order Pseudo-first order Pseudo-second order 
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k
2
 

(g
/m

g
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 R
2
 

SBA-15 

Hg 239.27 -0.442 180.92 0.156 -0.001 2.828 0.152 0.015 0.002 12.38 0.974 

Pb 25.4 0.004 17.99 0.005 0.0001 10.137 0.006 0.132 0.033 1.868 0.994 

As 242.33 0.066 170.07 0.387 0.0002 2.871 0.387 0.014 -0.0009 -4.526 0.999 

Cr 333.3 -0.045 234.75 0.143 -8E-05 2.668 0.142 0.010 0.0003 2.940 0.999 

MSU-H 

Hg 248.63 0.020 184 0.0005 5E-05 2.817 0.000 0.015 2.3E-03 9.70 0.971 

Pb 27.5 -0.059 20.65 0.461 -0.0013 8.408 0.461 0.129 0.014 0.863 0.993 

As 256.53 -0.239 185.96 0.595 -0.0006 2.810 0.595 0.013 0.004 25.05 0.997 

Cr 333.2 -0.148 236.04 0.223 -0.0003 2.664 0.223 0.010 -7E-05 -0.686 0.999 

VO 

Hg 259.63 -0.988 201.36 0.820 -0.002 2.758 0.826 0.013 0.010 57.40 0.99 

Pb 30.288 0.135 20.82 0.428 0.002 8.293 0.427 0.171 -0.317 -10.81 0.887 

As 280.97 0.016 196.8 0.227 4E-05 2.773 0.227 0.012 0.000 -2.12 1 

Cr 320 -0.029 228.74 0.001 -7E-05 2.682 0.001 0.011 -0.004 -27.41 0.977 

PO 
 

Hg 241.07 -1.817 203.79 0.349 -0.004 2.755 0.355 0.015 0.0178 78.06 0.757 

Pb 20.935 0.023 14.86 0.095 0.0007 14.507 0.098 0.180 -0.045 -1.387 0.983 

As 286.8 0.052 201.1 0.624 0.0001 2.760 0.623 0.012 -0.0004 -2.872 1 

Cr 325.2 -0.109 230.82 0.097 -0.0002 2.677 0.096 0.011 -0.0003 -2.721 0.999 

AM 

Hg 206.97 -0.867 165.05 0.151 -0.002 2.898 0.139 0.020 -0.008 -22.61 0.977 

Pb 32.18 -0.116 24.99 0.916 -0.002 6.872 0.914 0.103 0.113 10.67 0.988 

As 245.33 0.061 171.97 0.368 0.0002 2.863 0.369 0.014 -0.0007 -3.623 0.999 

Cr 319.83 -0.088 227.8 0.059 -0.0002 2.685 0.059 0.011 0.0006 5.241 0.998 

GM 

Hg 127.1 -0.055 104.13 0.001 -0.0002 3.286 0.0009 0.064 -0.143 -34.83 0.660 

Pb 33.32 -0.019 23.61 0.710 -0.0004 7.263 0.711 0.100 0.005 0.542 1.000 

As 246.4 0.005 173.11 0.006 1E-05 2.858 0.006 0.014 0.000 -0.480 0.999 

Cr 322.23 -0.130 231.48 0.051 -0.0003 2.676 0.054 0.011 0.001 8.734 0.992 

MM 

Hg 227.37 -1.520 184.8 0.369 -0.0036 2.819 0.371 0.015 0.004 16.02 0.99 

Pb 33.30 0.095 23.07 0.791 0.0017 7.435 0.791 0.120 -0.068 -4.76 0.995 

As 245.50 0.009 172.71 0.015 2E-05 2.859 0.015 0.014 -0.001 -3.15 0.999 

Cr 323.267 -0.207 231.2 0.213 -0.0004 2.676 0.216 0.010 0.001 8.32 0.996 

VM 
 

Hg 265.2 -0.888 210.52 0.501 -0.001 2.731 0.487 0.014 8.9E-03 44.138 0.974 

Pb 30.50 -0.072 22.86 0.584 -0.001 7.506 0.588 0.112 0.040 3.256 0.992 

As 286.8 0.004 201.02 0.015 9E-06 2.760 0.015 0.012 -4E-05 -0.292 1 

Cr 311.47 -0.006 220.45 0.0002 1E-05 2.704 0.0003 0.011 0.0001 0.826 0.995 

PM 

Hg 223. 23 -0.146 169.24 0.015 -0.0004 2.875 0.014 0.019 -0.0106 -29.363 0.954 

Pb 32.82 -0.024 23.47 0.131 -0.0005 7.314 0.131 0.101 0.0263 2.599 0.998 

As 298.9 0.018 212.1 0.008 4E-05 2.727 0.008 0.012 -0.0007 -5.202 0.999 

Cr 329.37 -0.164 236.18 0.177 -0.0003 2.664 0.178 0.011 4E-05 0.363 0.996 
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Table 6.6: Comparison between the estimated adsorption rate constants, qe, and correlation 

coefficients associated with the Kinetic Models for Phenols 

 Zero-order Pseudo-first order Pseudo-second order 
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SBA-15 

4-Aminophenol 33.33 -0.0003 23.33 0.161 
-

0.00001 
7.346 0.161 0.1 0.0003 0.03 1 

p-Nitrophenol 30.52 0.0006 21.36 0.338 0.00001 8.082 0.338 0.109 -3E-05 -2E-03 1 

MSU-H 

4-Aminophenol 33.32 0.0002 23.32 0.147 4E-06 7.365 0.147 0.100 -0.0002 -0.019 1 

p-Nitrophenol 30.50 0.0002 21.35 0.149 3E-06 8.095 0.148 0.109 -0.0002 -0.016 1 

VO 

4-Aminophenol 23.88 -0.0004 16.73 0.115 -1E-05 11.43 0.115 0.139 0.0002 0.010 1 

p-Nitrophenol 30.05 0.0002 21.03 0.093 4E-06 8.248 0.093 0.110 0.0001 0.008 1 

PO 

4-Aminophenol 23.90 -0.0006 16.74 0.445 -2E-05 11.43 0.445 0.139 0.0005 0.025 1 

p-Nitrophenol 30.06 -0.0002 21.04 0.333 -4E-06 8.226 0.333 0.110 0.0001 0.008 1 

AM 

4-Aminophenol 33.33 -0.0001 23.33 0.099 -3E-06 7.348 0.099 0.1 -3E-05 -0.003 1 

p-Nitrophenol 30.48 -0.0001 21.34 0.017 -3E-06 8.095 0.017 0.109 0.0001 0.008 1 

GM 

4-Aminophenol 33.07 0.003 23.06 0.681 7E-05 7.452 0.681 0.100 -0.003 -0.305 1 

p-Nitrophenol 30.49 0.0003 21.34 0.155 6E-06 8.095 0.155 0.109 -6E-05 -0.005 1 

MM 

4-Aminophenol 33.31 -0.0002 23.33 0.015 -3E-06 7.348 0.015 0.100 0.0005 0.049 1 

p-Nitrophenol 30.48 0.0002 21.34 0.044 5E-06 8.095 0.044 0.109 0.0001 0.008 1 

VM 
 

4-Aminophenol 23.88 0.001 16.69 0.407 3E-05 11.48 0.407 0.139 -0.0008 -0.040 1 

p-Nitrophenol 30.10 0.038 20.52 0.498 0.0008 8.479 0.497 0.111 -0.006 -0.540 0.999 

PM 

4-Aminophenol 23.91 -0.001 16.76 0.339 -3E-05 11.39 0.339 0.110 0.0008 0.065 1 

p-Nitrophenol 30.14 -0.0007 21.12 0.420 -2E-05 8.204 0.42 0.139 0.001 0.061 1 
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Table 6.7: Comparison between the estimated adsorption rate constants, qe, and correlation 

coefficients associated with the Kinetic Models for PAHs 

 Zero-order Pseudo-first order Pseudo-second order 
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SBA-
15 

Naphthalene 
24.14 0.001 16.88 0.784 3E-05 11.25 0.784 0.138 -0.001 -0.052 1 

Phenanthrene 
21.94 -0.001 15.34 0.224 -4E-05 13.56 0.224 0.150 0.004 0.180 1 

MSU-H 

Naphthalene 
23.95 0.0006 16.75 0.770 2E-05 11.39 0.77 0.139 -0.001 -0.051 1 

Phenanthrene 
21.82 -0.001 15.24 0.167 -4E-05 13.70 0.167 0.151 0.0001 0.004 1 

VO 

Naphthalene 
23.21 0.001 16.20 0.749 5E-05 12.13 0.749 0.143 -0.002 -0.106 1 

Phenanthrene 
21.17 0.003 14.72 0.404 0.0001 14.82 0.404 0.156 -0.004 -0.162 0.999 

PO 
 

Naphthalene 
23.24 0.0009 16.26 0.331 2E-05 12.02 0.331 0.143 -0.001 -0.082 1 

Phenanthrene 
21.39 -0.001 14.97 0.345 -5E-05 14.27 0.345 0.154 0.003 0.137 1 

AM 

Naphthalene 
23.94 -0.013 17.95 0.432 -0.0003 10.17 0.432 0.134 

2.79E-

02 1.544 0.998 

Phenanthrene 
21.93 4E-05 15.33 0.0009 1E-06 13.56 0.0009 0.151 4E-05 0.001 1 

GM 

Naphthalene 
23.89 0.022 16.37 0.688 0.0006 11.87 0.688 0.140 -0.016 -0.843 0.999 

Phenanthrene 
22.03 0.001 15.45 0.187 4E-05 13.36 0.186 0.152 -0.004 -0.184 0.999 

MM 

Naphthalene 
23.89 -0.0009 16.75 0.331 -2E-05 11.39 0.331 0.151 -0.0007 -0.030 1 

Phenanthrene 
21.84 -0.001 15.27 0.096 -5E-05 13.63 0.095 0.139 0.001 0.097 1 

VM 
 

Naphthalene 
23.51 0.003 16.40 0.773 1E-04 11.87 0.773 0.142 -0.003 -0.153 1 

Phenanthrene 
21.55 0.001 15.03 0.096 3E-05 14.12 0.096 0.153 -0.0002 -0.008 1 

PM 

Naphthalene 
23.39 0.001 16.35 0.715 4E-05 11.92 0.715 0.142 -0.002 -0.098 1 

Phenanthrene 
21.45 0.0005 14.99 0.072 1E-05 14.27 0.072 0.155 -0.002 -0.082 1 
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6.2.3. Diffusion Based Models 

Adsorption can be perceived as harmonic combination of fast and slow phases; overall rate of 

this multiphase process is controlled by the slowest of these. The movement of ions towards 

boundary layer surrounding the particle is taken into account by mass transfer rate equations. 

Rate of equilibrium attainment across the boundary layer may either be film diffusion or particle 

diffusion controlled. Usually, more likely in batch reactor intra particle diffusion (Allen et al., 

1989), and in a continuous flow system, film diffusion is the rate limiting step (Goswami and 

Gosh, 2005). Kinetic model parameters and correlation coefficients are listed in Table 6.1. 

a) Intra Particle Diffusion Model 

The prospect of pore diffusion contributing towards the adsorption of metal ions is investigated 

by Intra particle diffusion model (IPD). The model proposed by Weber and Morris is 

investigated (Weber & Morris, 1963; Abdulwaheb, 2007).  The assumption for construction of 

IPD is that solute uptake varies almost proportionally with t
0.5 

rather than with contact time t 

(Alkane et al., 2007). The model considers, effective diffusivity (D) of the adsorbate and radius 

(r) of an adsorbent particle (Yen et al., 2011). Fractional approach to equilibrium assessment is 

conceived through function (Dt /r
2
)
0.5

. 

    (    )   (6.15) 

The initial rate on linearizing Eq. (6.15) is: 

       
      (6.16) 

where kip is the rate constant (mg /g/ min
0.5

), C is the boundary layer thickness (mg/g), larger the 

value of C greater is effect of boundary layer (Kannan & Sundaram, 2001). For linear plot of qt 

versus t
0.5

 kip and C values can be obtained from slope and intercept respectively.  

The scrutiny of rate constant (kip) shows higher values for Hg, and overall values are found 

higher for metal ions on all silica hybrids in comparison to phenols and PAHs (see  Table 6.8-

6.9). This difference could be accounted for bulkness of phenols and PAHs. When linear plot 

passes through the origin than overall adsorption mechanism is controlled by IPD only 

(Hameeda & El-Khaiaryb, 2008). However, in the present study linear plots do not pass through 

the origin, indicative of some manage of boundary layer (C). Contribution of thickness of 

boundary layer towards surface sorption in the rate controlling step is indicated by intercept, 
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larger the magnitude greater is the effect. Effect of C found increasing for metal ions, the Group 

C adsorbents are classified for adsorption efficiency as good (22-93 mg/g), Group B are very 

good (37-94 mg/g) and Group A are excellent (58-98 mg/g). For Phenols, effect of C is found 

decreasing in comparison to metal ions, however, the Group A and C adsorbents are classified as 

excellent (91-100 mg/g) and Group B are good (71-90 mg/g). Effect of C found significant 

decrease for PAHs in comparison to metal ions and phenols, and the Group A and C adsorbents 

are classified as excellent (64-75 mg/g) and Group B are good (64-70 mg/g). The rational for this 

anomaly could be linked with clumping of sorbate particles. The coefficient of correlation is 

found high for Lead at AM, GM and MM, while for Hg at VO proposes transfer from the liquid 

phase to the solid phase by diffusion and the intra particle transport could be the rate controlling 

step. However, R
2
 is found good for naphthalene in case of PAHs. 

The non-compliance of intra-particle diffusion kinetic also support the present study results that 

adsorption/ removal of phenols is facilitated through binding on the surface functional groups.  
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Table 6.8: Comparison between the estimated adsorption rate constants and correlation 

coefficients associated with the diffusion based rate equations for Metals 

 

 Intraparticle Diffusion Model  

Sorbents Sorbates 
kip 

(mg/g/min
0.5

) 
C R

2
 

SBA-15 

Hg 0.442 58.34 0.156 

As -0.066 72.26 0.388 

Pb -0.042 74.08 0.006 

Cr 0.045 98.55 0.143 

MSU-H 

Hg -0.02 64.63 0.0005 

As  0.239 70.57 0.594 

Pb 0.595 68.41 0.462 

Cr 0.148 97.15 0.223 

VO 

Hg 0.988 58.27 0.82 

As -0.016 84.16 0.226 

Pb -1.357 94.58 0.428 

Cr 0.029 91.25 0.001 

PO 

Hg 1.817 37.27 0.349 

As -0.052 85.69 0.624 

Pb -0.237 60.62 0.095 

Cr 0.109 94.37 0.097 

AM 

Hg 0.867 41.91 0.151 

As -0.061 73.36 0.369 

Pb 1.161 71.85 0.916 

Cr 0.088 92.03 0.059 

GM 

Hg 0.055 22.96 0.001 

As -0.005 73.28 0.006 

Pb 0.191 97.01 0.709 

Cr 0.13 90.75 0.051 

MM 

Hg  1.52 42.56 0.369 

As -0.009 72.79 0.015 

Pb 0.954 102.28 0.791 

Cr 0.207 92.06 0.213 

VM 
 

Hg 0.888 54.68 0.501 

As -0.004 85.78 0.015 

Pb 0.727 76.33 0.584 

Cr 0.006 91.01 0.0002 

PM 

Hg 0.146 53.98 0.015 

As -0.018 86.8 0.008 

Pb 0.247 93.5 0.131 

Cr 0.164 93.18 0.177 
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Table 6.9: Comparison between the estimated adsorption rate constants and correlation 

coefficients associated with the diffusion based rate equations for Phenols and PAHs 

 Intraparticle Diffusion Model 

Sorbents Sorbates 

kip 

(mg/g/min
0.5

) 

C R
2
 

 

Sorbates 

kip 

(mg/g/min
0.5

) 

C R
2
 

SBA-15 

 

4-Aminophenol 0.002 99.89 0.161 Naphthalene -0.009 72.54 0.784 

p-Nitrophenol -0.006 91.62 0.338 Phenanthrene 0.014 65.98 0.224 

MSU-H 

4-Aminophenol -0.002 99.91 0.147 Naphthalene -0.006 71.98 0.77 

p-Nitrophenol -0.001 91.45 0.149 Phenanthrene 0.013 65.75 0.167 

VO 

4-Aminophenol 0.004 71.48 0.115 Naphthalene -0.018 70.04 0.749 

p-Nitrophenol -0.001 90.14 0.093 Phenanthrene -0.035 64.46 0.404 

PO 

4-Aminophenol 0.005 71.56 0.445 Naphthalene -0.008 69.73 0.331 

p-Nitrophenol 0.002 90.13 0.333 Phenanthrene 0.018 64.18 0.345 

AM 

4-Aminophenol 0.001 99.94 0.099 Naphthalene 0.136 70.99 0.432 

p-Nitrophenol 0.001 91.39 0.017 Phenanthrene -0.0004 65.94 0.0009 

GM 

4-Aminophenol -0.038 100.1 0.681 Naphthalene -0.227 75.13 0.688 

p-Nitrophenol -0.003 91.41 0.155 Phenanthrene -0.015 65.82 0.187 

MM 

4-Aminophenol 0.001 99.77 0.015 Naphthalene 0.008 71.41 0.331 

p-Nitrophenol -0.002 91.39 0.044 Phenanthrene 0.018 65.6 0.096 

VM 

 

4-Aminophenol -0.012 71.78 0.407 Naphthalene -0.036 71.02 0.773 

p-Nitrophenol -0.382 95.8 0.498 Phenanthrene -0.009 65.12 0.096 

PM 

4-Aminophenol 0.01 71.41 0.339 Naphthalene -0.016 70.38 0.715 

p-Nitrophenol 0.007 90.17 0.42 Phenanthrene -0.005 64.54 0.072 
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CONCLUSIONS AND FUTURE RECOMMENDATIONS 

Conclusions 
This dissertation reports the successful synthesis, and application of various functionalized silica 

hybrids to control the increasing concentration of toxic pollutants in environmental 

compartments. The following conclusions can be drawn from the present study: 

 The co-condensation route adopted to synthesize Mesoporous silica (MW, 258.17g of 

SBA-15 and 60.08g of MSU-H) and functionalized hybrids using sodium silicate and 

non-ionic SDA (P104) provides a convenient and efficient method for homogeneous 

distribution of organic moiety and better compatibility of organo-alkoxysilane precursor 

with the synthesis conditions. Further, this method also facilitates drop in porosity and 

reaction time upon functionalization in comparison to grafting method. 

 The higher percentage yield of MSU-H (49.29%) in comparison to SBA-15 (16%) served 

as selection criteria for pursuing with MSU-H for synthesis of functionalized hybrids.  

 ATR-FTIR spectra indicates the occurrence of structural changes on the addition of 

sodium silicate, P104, and the respective organic moieties that may be attributed to 

formation of hybrids involving the interaction between the constituents. 

 The appearance of new intense peaks in XRD spectra of the hybrids indicates the 

interaction of organic moiety with silica changing the crystalline hexagonal symmetry to 

tetragonal and orthorhombic. 

 The characteristic hexagonal geometry of Mesoporous silica is concluded from the 

characterization techniques of TEM, XRD, and SEM. SEM mapping for Mesoporous 

silica shows the uniform dispersion of silica, thus facilitating the formation of link for 

adsorption to occur in the functionalized hybrids. 

 The structure of Mesoporous silica is thermally stable. Its complexation with functional 

group give strength to the hybrids and further increases its stability  

 The BET analysis of Mesoporous silica depicted surface area in the range 521-580 m²/g 

with significant reduction in functionalized hybrids. The lower surface area is generally 

manifested by larger particle size, less number of pores and pore volume of the hybrid.   
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 The NMR characteristic chemical shift of Si-O-C linkage is shifted downfield due to 

electronegative nature of silica. It is expected that carbonyl unsaturation and epoxy ring 

provides the optimum linkage to polymerize through Silicon in functionalized hybrids.  

 The present study concludes the successful application of synthesized hybrids as 

adsorbents in batch mode for the decontamination of pollutants ranging from metal 

cations to gases. The efficient removal with regeneration capacity offer direct compliance 

to 3R principles. That is to Reduce (pollutants), Reuse and Recycle (functionalized 

hybrids/membranes). It is expected that these materials will help to reduce the pollution 

load on the environment. The synthesis of such diverse materials is significant to provide 

opportunities to understand the role of each component in the hybrid. It also broadens the 

scope for a wide range of applications. 

 The possibility for commercialization of mixed matrix membrane is also important output 

of this research. The application of these materials in existing industrial processes is 

another avenue to find niches for applications in advanced waste water treatment 

technologies with no comprise on improved industrial production and sustainable 

environment.   

Future Perspectives 
The present study is aimed at the synthesis, characterization and application of silica hybrids by 

using five different organic moieties. However further study can be taken up as indicated below: 

 To conduct the application of synthesized methacrylate ORMOSIL as surface coatings. 

 Commercialize the application of synthesized functionalized silica hybrids and mixed 

matrix membranes as adsorbents. 

 Synthesis of silica hybrids by using sodium silicate and ionic structure directing agents to 

develop variety of pore structures and development of application for gaseous pollutants. 

 To do desorption study and regeneration of adsorbents. 
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APPENDICES 

Appendix – I 

Calculation of Percentage Yield of Mesoporous Silica 

1. Balance the chemical equation  

For SBA-15:  

Reactants: TMOS, P104, HCl (aq) 

Product:  SBA-15 (SiO2), H2O 

Chemical Reaction: 

Si(OCH3)4 + H2O → Si(OCH3)3OH +  CH3OH 

Si(OCH3)3OH +  Si(OCH3)3OH  →  (OCH3)3≡Si−O−Si≡(OCH3)3 + H2O 

Net Reaction: Si(OCH3)4 + Si(OCH3)3OH → (OCH3)3≡Si−O−Si≡(OCH3)3 + CH3OH 

For MSU-H:  

Reactants: Na2SiO3, P104, H2O, CH3COOH 

Product:  MSU-H (SiO2), H2O 

Chemical Reaction:  

Na2SiO3 +H2O → SiO2 + 2NaOH 

 

2. Find the limiting reagent- This is the reactant which the product yield depends on, as it 

is not in excess.  

1. To determine which reactant is the limiting reagent 

1.1. Divide the mass (in grams) of the reactant by its molecular weight (in g/mol)  OR 

1.2. Multiply the amount used (in mL) by its density, then divide by its molar mass 

2. Multiply the mass (answer from 1.1 or 1.2) by the number of moles of the reactant used 

in the reaction. 

For SBA-15: 

Molar Mass of TMOS: 152.25 g/mole 

Density of TMOS: 1.03 g/mL 

             
 

  
        

 

    
             

Molar Mass of HCl: 36.46 g/mol 

Density of HCl: 1.18 g/mL 
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So, TMOS is the limiting reagent in this reaction. 

For MSU-H: 

Molar Mass of Na2SiO3: 122.06 g/mole 

Density of Na2SiO3: 1.39 g/mol 

             
 

  
        

 

    
            

Sodium silicate is the limiting reagent in this reaction. 

 

3. Find the Theoretical Yield- this is how much product will be synthesized in ideal 

conditions. 

To determine theoretical yield, multiply the amount of moles of the limiting reagent by the ratio 

of the limiting reagent and the synthesized product and by the molecular weight of the product. 

For SBA: 

                   
             

           
 
              

            
               

For MSU-H: 

                   
           

             
  
            

           
              

 

4. Find the Actual Yield 

For SBA-15: Actual Yield = 2.97 g SBA-15 

For MSU-H: Actual Yield = 2.9616 g MSU-H 

 

5. Find the Percentage Yield 

For SBA-15: 

        
           

                
      

        
     

      
          

For MSU-H: 
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Appendix – II (A) 

X-ray Diffractograms of Mesoporous Silica 

(a) 

(b) 

XRD Spectra of Group A Mesoporous Silica (a) SBA-15 (b) MSU-H 



160 

 

Appendix – II (B) 

X-ray Diffractograms of Monodispersed ORMOSILS 

(a) 

(b) 

(c) 

XRD Spectra of Group B Monodispersed ORMOSILS (a) VO (b) PO (c) MO 
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Appendix – II (C) 

X-ray Diffractograms of Functionalized Mesoporous Silica Hybrids 

(a) 

(b) 

(c) 
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(d) 

(e) 

XRD Spectra of Group C Functionalized Silica Hybrids (a) AM (b) GM (c) MM (d) VM (e) PM 
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Appendix – III 

EDX Analysis of Functionalized Mesoporous Silica Hybrids 

Sample Codes Si (%) O (%) C (%) N (%) 

Mesoporous Silica (Group A) 

SBA-15 20.72 79.28 - - 

MSU-H 25.63 74.37 - - 

Monodispersed ORMOSILS (Group B) 

VO 17.78 65.88 16.34 - 

PO 5.65 44.00 50.35 - 

MO 23.84 68.00 8.16 - 

Functionalized Hybrid Silica (Group C) 

AM 27.55 65.77 0.78 5.90 

GM 20.39 73.11 6.51 - 

MM 21.24 64.72 14.04 - 

VM 23.70 70.07 6.23 - 

PM 19.30 75.53 5.17 - 
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Appendix – IV 

Effects of Metals 

Metal Effects MCL in drinking water* 

Mercury  

Kidney disease, kidney failure, blindness 

and deafness, brain damage, 

digestive problems, lack of coordination, 

mental retardation 

0.002 mg/L 

Lead  

Hypertension and chronic kidney disease, 

behavioral problems, high blood pressure, 

anemia, kidney damage, memory and 

learning difficulties, miscarriage, decreased 

sperm production, reduced IQ 

0.015 mg/L 

Chromium  

Cr VI carcinogenic, liver and kidney 

damage, internal hemorrhage and 

respiratory disorders, sub-chronic and 

chronic effects like dermatitis and skin 

ulceration,  

0.1 mg/L 

Arsenic  

Brain damage, breathing problems, death if 

exposed to high levels, decreased 

intelligence, known human carcinogen: 

lung and skin cancer, nausea, diarrhea, 

vomiting, peripheral nervous system 

problems 

0.010 mg/L 

 

 

 

 

*USEPA, 2009 
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Appendix – V 

Physicochemical Properties of Phenols and PAHs Pollutant Representatives 

Phenol Molecular Structure Effects MCL in 

drinking water* 

4-Aminophenol OH

NH2  

Liver or kidney 

problems; 

increased cancer 

risk 

0.001 mg/L 

p-Nitrophenol OH

NO2  

Liver or kidney 

problems; 

increased cancer 

risk 

 

 

 

0.001 mg/L 

 

Polycyclic Aromatic Hydrocarbon 

Naphthalene 

 

Reproductive 

difficulties; 

increased risk of 

cancer 

0.0002 mg/L 

Phenanthrene 

 

Reproductive 

difficulties; 

increased risk of 

cancer 

0.0002 mg/L 

 

 

*USEPA, 2009 
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Appendix – VI (A) 

Removal (in % age) of Metals by Mesoporous Silica and Monodispersed 

ORMOSILS 

Time (minutes) 

Mesoporous Silica (Group A) 

SBA-15 MSU-H 

Mercury Arsenic Lead Chromium Mercury Arsenic Lead Chromium 

Initial Contact 48.33 71.76 81.21 97.85 67.65 71.84 60.33 92.57 

2 63.65 72.70 71.18 99.93 71.23 72.52 71.35 98.34 

4 66.44 71.29 74.06 97.65 54.40 71.06 73.49 99.91 

6 53.92 72.20 72.09 99.21 62.78 71.91 72.74 99.96 

8 71.78 72.04 71.86 99.76 61.64 71.56 75.26 99.23 

10 67.62 72.45 69.52 99.16 64.33 71.16 75.40 99.49 

12 58.24 71.56 75.53 98.45 74.59 71.92 75.38 99.31 

14 69.60 70.37 68.40 98.55 58.96 72.68 81.76 98.50 

16 56.65 70.90 74.18 99.54 65.93 74.79 82.49 98.83 

18 66.26 71.06 76.23 99.01 57.16 76.96 76.33 99.59 

20 68.04 71.19 75.96 99.99 70.02 76.20 73.51 99.31 

Monodispersed ORMOSILS (Group B) 

 VO PO 

Initial contact 53.10 84.21 82.97 83.64 6.10 86.04 55.65 90.02 

2 61.40 83.85 89.74 90.57 52.08 85.28 65.05 96.53 

4 62.07 83.98 85.89 92.14 48.59 85.14 62.09 96.12 

6 68.45 84.16 88.76 96.00 68.67 85.88 57.90 97.56 

8 69.74 84.07 90.86 93.98 61.23 85.03 62.64 92.75 

10 70.34 84.29 88.04 94.95 71.03 85.01 47.44 95.85 

12 67.48 84.02 83.76 95.96 33.30 85.29 62.80 98.53 

14 68.09 84.29 87.51 92.99 71.14 85.02 61.38 96.00 

16 74.92 83.82 86.31 94.60 56.08 84.82 54.39 96.31 

18 77.89 83.80 52.73 77.83 69.37 84.80 55.90 95.37 

20 76.29 83.60 54.53 94.48 72.32 84.60 55.67 95.11 
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Appendix – VI (B) 

Removal (in % age) of Metals by Functionalized Silica Hybrids 

Time 

(minutes) 

Functionalized Silica Hybrids (Group C) 

AM GM 

Mercury Arsenic Lead Chromium Mercury Arsenic Lead Chromium 

Initial contact 8.32 73.24 74.98 90.22 7.93 73.13 95.51 90.38 

2 52.37 72.89 74.48 93.24 30.97 73.15 97.42 91.03 

4 54.99 73.60 78.63 94.93 16.90 73.24 97.78 91.77 

6 58.89 73.18 77.18 89.20 34.56 73.92 98.12 92.35 

8 58.41 73.26 76.12 95.95 22.40 73.24 99.87 88.90 

10 58.44 71.60 80.75 94.07 24.26 73.13 99.91 95.85 

12 62.09 73.18 85.77 92.26 38.13 72.77 99.95 95.27 

14 46.96 73.00 88.45 89.76 17.99 73.55 99.93 83.14 

16 48.54 71.77 91.57 94.86 29.11 73.43 99.90 96.67 

18 55.80 72.08 93.67 92.00 25.90 72.37 99.94 94.25 

20 51.64 72.35 96.52 95.67 10.57 73.66 99.91 93.01 

 MM VM 

Initial contact 12.45 72.2 99.94 90.46 53.78 85.73 69.22 90.88 

2 43.21 72.71 99.86 90.89 55.78 86.02 80.65 92.64 

4 65.98 72.58 99.91 94.15 57.02 85.66 80.27 88.86 

6 67.73 72.85 99.93 94.14 56.69 85.56 81.58 89.69 

8 62.64 73.65 99.90 96.98 57.58 85.78 87.05 93.40 

10 59.75 72.81 87.48 96.09 74.32 85.51 88.04 92.38 

12 68.21 72.69 89.36 95.44 68.54 86.04 84.47 93.44 

14 60.16 73.04 86.50 88.19 63.54 85.70 79.66 83.98 

16 66.26 72.26 88.82 96.44 79.56 86.04 90.50 92.90 

18 67.04 73.08 81.99 95.98 66.88 85.37 86.75 93.05 

20 62.04 71.80 86.39 96.85 65.54 85.73 91.49 90.68 

 PM 
 Mercury Arsenic Lead Chromium 

Initial contact 45.38 86.31 97.36 90.39 

2 45.49 85.92 98.33 93.17 

4 60.58 86.14 83.51 94.20 

6 65.64 88.08 97.31 95.93 

8 57.15 85.42 91.89 95.29 

10 59.29 89.67 97.49 96.53 

12 52.77 87.42 98.21 97.12 

14 66.97 86.20 96.48 96.52 

16 57.01 85.81 98.46 94.21 

18 45.07 85.28 98.43 90.91 

20 54.65 86.57 98.28 98.81 
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Appendix – VII (A) 

Removal (in % age) of Phenols by Mesoporous Silica and Monodispersed 

ORMOSILS 

Time (minutes) 

Mesoporous Silica (Group A) 

SBA-15 MSU-H 

p-nitrophenol  4-aminophenol p-nitrophenol  4-aminophenol 

Initial Contact 91.67 99.94 91.43 99.93 

2 91.67 99.87 91.47 99.85 

4 91.62 99.92 91.44 99.91 

6 91.58 99.93 91.45 99.92 

8 91.47 99.87 91.45 99.92 

10 91.45 99.88 91.47 99.96 

12 91.56 99.86 91.49 99.88 

14 91.53 99.92 91.43 99.85 

16 91.53 99.98 91.40 99.84 

18 91.57 99.97 91.44 99.84 

20 91.53 99.94 91.41 99.91 

Monodispersed ORMOSILS (Group B) 

 VO PO 

Initial contact 90.18 71.47 90.14 71.51 

2 90.14 71.48 90.14 71.57 

4 90.20 71.46 90.12 71.63 

6 90.10 71.52 90.16 71.66 

8 90.10 71.51 90.12 71.58 

10 90.13 71.63 90.19 71.56 

12 90.05 71.65 90.19 71.61 

14 90.11 71.55 90.17 71.71 

16 90.14 71.39 90.17 71.65 

18 90.14 71.53 90.16 71.67 

20 90.14 71.61 90.17 71.65 
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Appendix – VII (B) 

Removal (in % age) of Phenols by Functionalized Silica Hybrids 

Time (minutes) 

Functionalized Silica Hybrids (Group C) 

AM GM 

p-nitrophenol  4-aminophenol p-nitrophenol  4-aminophenol 

Initial contact 91.39 99.91 91.38 99.99 

2 91.40 99.93 91.47 99.97 

4 91.28 99.98 91.41 99.96 

6 91.58 99.98 91.43 99.86 

8 91.41 99.99 91.40 99.76 

10 91.37 99.98 91.35 99.86 

12 91.39 99.99 91.35 99.76 

14 91.36 99.95 91.36 99.94 

16 91.44 99.92 91.32 99.21 

18 91.40 99.98 91.31 99.21 

20 91.45 99.98 91.46 99.31 

 MM VM 

Initial contact 91.51 99.85 99.26 71.89 

2 91.39 99.86 99.191 71.68 

4 91.24 99.78 91.27 71.86 

6 91.38 99.76 90.38 71.56 

8 91.40 99.66 90.24 71.61 

10 91.38 99.80 90.20 71.59 

12 91.40 99.58 90.23 71.76 

14 91.32 99.86 90.21 71.60 

16 91.31 99.93 90.31 71.52 

18 91.33 99.87 90.27 71.53 

20 91.44 99.81 90.20 71.63 

 PM 
 p-nitrophenol 4-aminophenol 

Initial contact 90.18 71.42 

2 90.23 71.44 

4 90.18 71.54 

6 90.19 71.48 

8 90.26 71.36 

10 90.19 71.37 

12 90.32 71.66 

14 90.21 71.72 

16 90.24 71.64 

18 90.25 71.53 

20 90.43 71.60 
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Appendix – VIII (A) 

Removal (in % age) of PAH by Mesoporous Silica and Mono-dispersed 

ORMOSILS 

Time (minutes) 

Mesoporous Silica (Group A) 

SBA-15 MSU-H 

Phenanthrene  Naphthalene Phenanthrene  Naphthalene 

Initial Contact 66.12 72.59 65.47 71.94 

2 66.03 72.52 65.93 71.98 

4 66.26 72.45 65.94 71.97 

6 65.82 72.52 65.73 71.97 

8 66.05 72.43 65.94 71.97 

10 66.10 72.46 65.72 71.93 

12 66.13 72.42 66.37 71.93 

14 65.91 72.42 66.02 71.89 

16 66.23 72.39 65.90 71.90 

18 66.19 72.42 65.87 71.85 

20 66.59 72.32 65.94 71.85 

Monodispersed ORMOSILS (Group B) 

 VO PO 

Initial contact 64.66 70.08 64.17 69.71 

2 64.28 70.01 64.4 69.59 

4 63.99 69.89 64.25 69.83 

6 64.42 70.01 64.19 69.71 

8 64.45 69.77 64.20 69.64 

10 64.37 69.85 64.28 69.66 

12 63.52 69.92 64.67 69.65 

14 63.95 69.72 64.46 69.65 

16 63.92 69.81 64.40 69.72 

18 63.56 69.73 64.25 69.48 

20 64.11 69.63 64.80 69.51 
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Appendix – VIII (B) 

Removal (in % age) of PAH by Functionalized Silica Hybrids 

Time (minutes) 

Functionalized Silica Hybrids (Group C) 

AM GM 

Phenanthrene  Naphthalene Phenanthrene  Naphthalene 

Initial contact 65.98 71.88 65.84 75.15 

2 65.97 71.81 65.56 75.15 

4 65.87 71.66 65.82 75.15 

6 66.04 71.68 65.71 75.14 

8 65.79 71.83 65.71 71.39 

10 65.87 71.60 65.55 71.66 

12 66.11 71.71 66.10 71.52 

14 66.00 71.83 65.83 71.56 

16 65.90 71.72 65.58 71.59 

18 65.89 75.15 65.56 71.52 

20 65.96 75.15 65.19 71.59 

 MM VM 

Initial contact 64.77 71.44 65.14 71.35 

2 65.92 71.57 64.94 70.85 

4 66.33 71.43 65.38 70.78 

6 65.64 71.40 65.15 70.64 

8 65.92 71.40 64.99 70.70 

10 65.83 71.51 65.11 70.63 

12 66.11 71.49 64.64 70.62 

14 65.52 71.40 65.01 70.52 

16 66.00 71.55 64.70 70.51 

18 65.84 71.68 65.08 70.38 

20 65.87 71.64 65.13 70.37 

 PM 

 Phenanthrene  Naphthalene 

Initial contact 64.45 70.34 

2 64.41 70.40 

4 64.57 70.32 

6 64.78 70.30 

8 64.50 70.31 

10 64.39 70.13 

12 64.63 70.12 

14 64.43 70.17 

16 64.54 70.09 

18 64.43 70.23 

20 64.34 69.98 
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