

CHAPTER 1

INTRODUCTION


1.1 Introduction

The developments of high performance and multifunctional materials have been reported as combination properties of organic-inorganic component materials provide various advantages. The synthesis of organic-inorganic hybrid materials has been carried out in a variety of techniques which resulting in a wide application in various field of investigations. The most promising way to study the hybrid materials are via the sol-gel method; especially for the combination of silica and organic polymers (Winkler and Marmé, 2000). Initially, the sol-gel process is mainly used for preparation of inorganic materials for instance glasses and ceramics. As a low temperature needed for synthesis, the sol-gel method is the most suitable option to develop organic-inorganic hybrid materials.  

As compared to silica, titanium has been used widely in separation science due to its superior pH stability and mechanical strength. The application of titanium in chromatographic separations and extractions has been conducted. Tani and Suzuki (1996) and Fujimoto (2002) have reported a study on the preparation of titanium-packing material for high performance liquid chromatography (HPLC) column and inner surface of silica capillary for capillary zone electrophoresis (CZE) and capillary electrochromatography (CEC) respectively. Mixed phase materials such as titanium–poly(dimethylsiloxane) (TiO2–PDMS) (Kim et al., 2004), titanium poly(tetrahydrofuran) (poly-THF) (Segro et al., 2009), titanium-hydroxy-terminated silicone oil (titanium-OH-TSO)  (Li et al., 2007), tetrabutyl orthototitanat (TBOT)-polyethylene glycol (PEG, 6000) (Farhadi et al., 2009) and cetyltrimethylammonium bromide modified ordered TiO2 nanotube (Huang et al., 2011) have been developed for extraction of aqueous samples.

Cyanopropylsiloxanes are among the most useful stationary phases as they exhibit both polar and polarizable characteristics at both low and high temperatures. The characteristic of cyano group with unshared electron pair in the nitrile nitrogen is responsible for increased affinity as it may form intermolecular hydrogen-bonds with suitable hydrogen donor sample molecules such as phenols, alcohols, ketones, esters, and analytes bearing π-electrons such as aromatic amines, aromatic hydrocarbons and etc. The polar property of cyanopropyltriethoxysilane has attracted great interest among researchers. Kulkarni et al. (2006) have reported sol–gel coating which contained highly polar cyanopropyl and non-polar poly(dimethylsiloxane) components (sol–gel CN-PDMS coating) in capillary microextraction (CME). Wan Ibrahim et al. (2011) also have successfully synthesized and characterized polydimethylsiloxane-cyanopropyltriethoxysilane derived hybrid coating for stir bar sorptive extraction to extract polar anti-inflammatory drugs (NSAIDs). Although cyanopropylpolysiloxanes might be useful for extracting highly polar compounds, conventionally prepared cyano coatings (having no chemical bond with the substrate) are not stable at elevated temperatures (Kulkarni et al., 2006)
By given the advantages of both titanium based material with cyano phase, it is an interest to incorporate both to extract polar aromatic amines in water samples. In this research, preparation and characterization of titanium based sorbents from a highly reactive precursor, titanium(IV) butoxide and cyanopropyltriethoxysilane (CNPrTEOS) as co-precursor in the quest to obtain thermally and chemically stable sorbent. A number of parameters affecting the synthesis of the Ti-CNPrTEOS sorbent namely selection of the solvents, acid catalyst concentration, water concentration, ratio study of Ti(OBu)4 and CNPrTEOS and aging temperature for the extraction of the six selected aromatic amines has been developed. The Ti-CNPrTEOS sol–gel material was characterized by using Fourier transform infrared spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FESEM), CHN Elemental Analysis and Thermogravimetric Analysis (TGA). The optimized Ti-CNPrTEOS sorbent was then employed for the extraction of aromatic amines in wastewater samples using gas chromatography with flame ionization detector (GC-FID).

1.2 Statement of Problems 

Sample preparation is a very important step in the analytical process that may include enrichment, clean up, and signal enhancement in the analysis. The sample preparation step is often a bottleneck in a measurement process as they incline to be slow and labour-intensive. However, the last two decades have seen rapid evolution and explosive growth of this step due to the demand in the environmental and pharmaceutical industries that analyze large number of samples without neglecting the selectivity. 

Solid-phase extraction (SPE) is widely used as a suitable technique for the preconcentration and clean-up for various analytical samples. SPE is being increasingly used in food analysis; mainly for sample clean-up because it requires small solvent volumes as compared to liquid-liquid extraction (LLE), requires no specialized equipment, is easy to operate and has a rapid sample throughput.  

The most commonly used material for the extraction in SPE is chemically bonded silica, usually with a C8 or C18 organic group (Deng et al., 2005). Different attempts have been made to develop new materials for SPE of polar compounds, mainly using highly cross-linked copolymer sorbent with chemically modified polymeric resins. The retention of analytes in the polymeric sorbents is due to both the polymeric skeleton (reversed-phase mechanism and interaction) and the occurrence of the functional group such as acetyl (Breton et al., 2006) and benzoyl. In addition, the molecular imprinted polymers like other new polymeric compounds have been used as molecular recognition materials for selective SPE of pesticides from complex samples. Most recently, due to the multifunctional properties of conductive polymers, they have attracted great interest in the development of chemical stationary phases for the separation and extraction of polar and ionic compounds. The most common polar sorbents used for normal phase SPE are silica (eg C8), alumina, magnesium silicate and the bonded silica sorbents which silica is reacted with highly polar functional groups to produce aminopropyl-, cyanopropyl- and diol- modified silica sorbents. Cyanopropyl bonded silica based sorbents have been used previously to extract paraquat (Smith et al., 1993), ondansetron enantiomers (Kelly et al., 1993) and isolation of basic drugs (De Smet et al., 1988) from human plasma and extraction of antioxidant from defatted dabai crude extracts (Azlan et al., 2012).
A sol gel SPE also has been developed. Wan Ibrahim et al. (2012) has introduced a novel sol–gel hybrid methyltrimethoxysilane–tetraethoxysilane to extract polar pesticides from fruits and water samples. Sol–gel sorbents have been proven to be quite successful in the extraction of wide range of analytes by SPME (Ibrahim et al., 2010; Segro et al., 2009). Further advances of sol–gel technologies included its application as sorbent media for stir bar sorptive extraction (SBSE) (Ibrahim et al., 2011; Ibrahim et al., 2011). However, only limited numbers of applications of sol–gel hybrid as sorbent materials have been reported on SPE (de Moraes et al., 2003; Ibrahim et al., 2012; Saad et al., 2006). Thus, there are more hybrid materials that can be explored for its potential to be used in analytical extraction using sol–gel reaction since the reaction is easily carried out under mild synthetic conditions using various kinds of precursors and sorbent materials. As the application of sol-gel SPE is very limited, thus the quest for sol-gel sorbent to extract polar analytes has been our interest. 

	For centuries, SPE has been used as the reference method for sample preparations. Recently, miniaturization has become an important trend in the development of sample preparation techniques. SPME is well–known as a rugged, sensitive and solvent-free extraction method. A range of different fiber coatings are commercially available for various applications. Micro solid phase extraction (-SPE) that utilizes sorbent held in polypropylene membrane envelope as extraction medium was reported by Lee and co-workers (Basheer et al., 2006). The technique is generally robust, cost-effective and provides high “clean-up” capability when dealing with difficult sample matrices. 

Liquid-phase microextraction (LPME) has received considerable attention in recent years due to its simplicity and high extraction efficiency. The first microextraction based on microdrop of organic solvent suspended in large amount of aqueous solution was reported in 1996 (Jeannot and Cantwell, 1996; Jeannot and Cantwell, 1997). The development of LPME were followed by the introduction of membrane protected LPME such as hollow-fiber protected LPME (HF-LPME) (Pedersen-Bjergaard and Rasmussen, 1999), supported liquid membrane (SLM) (Audunsson, 2002; Sirkar, 2008) and etc.

Solid phase membrane tip extraction (SPMTE) is a miniaturize extraction technique that has been recently developed by See and co-workers (See et al., 2010) using multiwall carbon nanotubes (MWCNTs) as sorbent. The comparison of SPMTE procedure with reference method SPE indicated that SPMTE is advantageous in terms of shorter extraction time, low solvent usage, cost effective, easy to use, and comparable LODs as well as method reproducibility which attracted our interest to incorporate with our newly synthesized Ti-CNPrTEOS sorbent. However, the preparation of home-made cone-shaped membrane used in previous research to protect the sorbent was tedious and time-consuming. Therefore, few adjustments will be made in order to increase the simplicity of the membrane and to avoid the sorbent leakage during the extraction process. 

In this study, cone-shaped polypropylene membrane will be substituted with commercial hollow fiber polypropylene membrane. The modified Ti-CNPrTEOS SPMTE method will be optimized for the selection of conditioning solvent, extraction time, pH, salting-out effect, sample volume, desorption solvent and desorption time for the extraction of aromatic amines in water samples. 



1.3 Objectives of the Research

This study embarks on the following objectives:

1. To synthesis new sol-gel titanium (IV) butoxide-cyanopropyltriethoxysilane (Ti-CNPrTEOS) sorbent. 

2. To study the physical properties (structure and morphology) and chemical properties (elemental content) of sol-gel by using various characterization methods.

3.  To study the effect of synthesis parameters namely types of solvent, water content, ratio of titanium (IV) butoxide and 3-cyanopropyltriethoxysilane and aging temperature on the extraction recovery of aromatic amines via batch sorption method.

4. To develop and apply the newly synthesized sol-gel Ti-CNPrTEOS sorbent on solid phase extraction (SPE) and to optimize the SPE parameters i.e. sample pH, conditioning solvents, sample volume, eluting solvent and eluting solvent volume for the extraction of aromatic amines. 

5. To develop and apply the newly synthesized sol-gel Ti-CNPrTEOS sorbent on solid phase membrane tip extraction (SPMTE) and to optimize the extraction parameter i.e., sample pH, sample volume, conditioning solvent, extraction time, desorption solvent and desorption time. 
1.4 Scope of Study

The research involved the synthesis of Ti-CNPrTEOS by using sol-gel technology method. The synthesis parameters will be optimized and characterized via Fourier Transform-Infrared (FTIR), Field-Emission Scanning Electron Microscopy-Energy (FESEM), Brunauer–Emmett–Teller (BET) desorption, CHN Elemental Analysis and Thermogravimetric Analysis. The newly synthesized Ti-CNPrTEOS sorbent will be apply on the optimized methods of batch sorption method, solid phase extraction (SPE) and solid phase membrane tip extraction (SPMTE) for the extraction of aromatic amines in water samples. All analytical data will be analyzed using gas chromatography-flame ionization detector (GC-FID). 

1.5 Outline of the Thesis

This thesis consists of five chapters. Chapter 1 presents general introduction, research background, statement of problems, research objectives and scope of study. Chapter 2 compiles the literature review, preparation of sol-gel techniques, instrumentations for sol-gel characterizations and aromatic amines analysis. The procedures for sol-gel preparation, solid phase extraction method and chemicals used in this work are presented in Chapter 3. Chapter 4 reports the results and discusses about preparation and characterization of new sol-gel titanium (IV) butoxide-cyanopropyltriethoxysilane sorbent for extraction of polar aromatic amines. Chapter 5 discusses optimization of solid phase extraction method for the extraction of polar aromatic amines using new sol-gel titanium (IV) butoxide-cyanopropyltriethoxysilane sorbent. Chapter 6 reports on the optimization of solid phase membrane tip extraction which utilizes new sol-gel titanium (IV) butoxide-cyanopropyltriethoxysilane sorbent for the extraction of aromatic amines. Finally, the concluding Chapter 7 summarizes this thesis by presenting the overall conclusions and suggestions for future study.



















CHAPTER 2

LITERATURE REVIEW


2.1 Sol-Gel Technology

Sol-gel technologies have been developed for the past 40 years as an alternative for the preparation of glasses and ceramics at considerably low temperatures. The sol-gel process provides a versatile method to prepare size, shape, and charge selective materials of high purity and homogeneity by means of preparation techniques different from the traditional ones, for the chemical analysis (Deng et al., 2005). One of the advantages offered by this technique is its potential for fabrication of solid state inorganic or organically modified materials in a variety of useful forms  (Yamini et al., 2004). 

The sol-gel process is a versatile wet-chemical technique solution process for making advanced materials, including ceramics and organic-inorganic hybrids and widely used in the fields of materials science and ceramic engineering. In general, the sol-gel process involves the transition of a solution system from a liquid "sol" (mostly colloidal) into a solid "gel" phase. Sol is a stable suspension of colloidal solid particle or polymer in a liquid which acted as precursors for an integrated porous three dimensional gel network that formed continuous solid network surrounding a continuous liquid phase.  
Utilizing the sol-gel process, it is possible to fabricate advanced materials in a wide variety of forms: ultrafine or spherical shaped powders, thin film coatings, fibers, porous or dense materials, and extremely porous aerogel materials. An overview of various sol-gel processes is illustrated in a graphical form (Fig. 2.1). 
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Figure 2.1: Formation of various products via sol-gel technology (Brinker and Scherer, 1990)
The starting materials used in the preparation of the "sol" are usually inorganic metal salts or metal organic compounds such as metal alkoxides. The sol is made of solid particles with diameter of few hundred of nanometer suspended in a liquid phase. The particles condense in a new phase (gel) in which a solid macromolecule is immersed in a liquid phase (solvent). In a typical sol-gel process, the precursor is subjected to a series of hydrolysis and polymerization reactions to form a colloidal suspension, or a "sol". Further processing of the "sol" makes it possible to make materials in different forms. 

It is possible to obtain porous solid matrices (xerogels) by drying the gel by means of low temperature treatments between 25 – 100oC (Fig. 2.1) (Brinker and Scherer, 1990). The samples to be coated with sols can be coated using several techniques e.g. dip coating, spray coating, flow coating, spin coating, capillary coating, roll coating and printing technique by wet coating (Schmidt and Mennig, 2000). Ceramic fibers also can be obtained by spinning from precursor solutions or coated by thin films. With feasibility of a wide variety of solid phase products such as powders, fibers, thin films and membranes, the applications of sol-gel process have been broaden. 
 
The advantages of sol-gel technology embrace the use of different wet-chemical tools for tailoring the synthesis and thus the resultant solid properties, high purity of the precursors, are low costs, high thermal stability, porosity structure of coating, and strong adhesion of the coating to the substrate due to chemical bonding (Basheer et al., 2005).




2.2 Starting Materials

Generally four basic principal ingredients are needed for coating solution i.e. precursor, coating stationary phase, deactivation agent and acid catalyst (Chapman and Anderson, 1974). The sol-gel technique is based on hydrolysis of liquid precursors and formation of colloidal sols. The precursors for these colloids consist of a metal or metalloid element surrounded by various reactive ligands. Metal alkoxides, such as the alkoxysilanes tetramethoxysilane (TMOS), methyltrimethoxysilane (MTMOS) or tertaethoxysilane (TEOS) are most popular because they react readily with water. However, as silica based precursor inherit shortcoming in term of pH stability, the quest for other logical candidates are required. 

Some alkoxide of transition metals such as titanium, vanadia, zirconia, and Group IIIB metals such as boron and alumina can be also used as precursors in sol–gel process (Li et al., 2007). The resultant metal oxide-based sol–gel stationary phases are gradually getting introduced and have the potential to play an important role in the near future. Experiments reveal that these materials offer much better thermal and chemical stability than silica does. Furthermore, these inorganic substrates show Lewis basic and acidic activity. Therefore, compared to their silica counterparts significantly different retention and selectivity behavior can be expected.

2.2.1 Titanium Alkoxide

Transition metal oxides and mesoporous materials (zirconia, titanium, alumina) are well known for their pH stability (Badjic and Kostic, 2000), and appear to be logical candidates for exploration to overcome the above mentioned drawbacks inherent in silica-based materials. Among them, titanium is one of the most attractive materials for its excellent performance in photocatalytic reactions, photoelectronics, and semiconductor applications.

Due to the presence of Ti4+ sites (Lewis acid sites), titanium exhibits stronger Lewis acidity and basicity even than that of silica (Nawrocki et al., 2004; Nawrocki et al., 2004). It has a strong Bronsted acidity because of the hydroxyls on titanium’s surface, and in fact, anatase possesses the highest Bronsted acidity of all those oxides. In addition of that, titanium represents anion-exchange properties at acidic pH and cation exchange properties at alkaline pH, whereas silica behaves only as a cation exchanger. Besides, the extraordinary pH stability (pH 1-14), desirable mechanical and physical properties are two other attractive features that add value to titanium for being used as support material in chromatography. Based on the surface chemistry, the titanium-based sol-gel coating should also show good extraction efficiency to Bronsted basic analytes by Bronsted acid-base interactions and to Lewis basic analytes by Lewis acid-base interactions.  

Most titanium alkoxide are very sensitive to moisture and must be handled with care under dry atmosphere otherwise precipitation occurs as soon as water is present. Titanium isopropoxide is a common precursor for used in titanium-based sol gel. However, it undergoes rapid hydrolysis with the presence of water leading to uncontrolled precipitation and difficult to handle during sol-gel process (Menning and Argerter, 2004). Alternatively, titanium (IV) butoxide is currently used as a commercial precursor for TiO2. It does not react too fast with water and can be handled without too much care. This is because, the present of four carbon atoms in titanium (IV) butoxide (the largest alkoxy group that does not prevent oligomerization) lower the reactivity during hydrolysis and condensation processes of titanium-based precursor towards water.



                

Figure 2.2: Molecular structure of titanium (IV) butoxide

Titanium has been extensively studied in the form of thin films as optical material (Tian et al., 2006), anti-reflection coating for photovoltaic cells and passive solar collectors, UV filter for optics, photocatalyst for purification and treatment of water and air. TiO2 thin films have also demonstrated good sensing properties towards humidity, oxygen and organic vapor, as well as for interfering gases such as CO, NO2 and benzene (Manera et al., 2004).
 
Recently, titanium has attracted interest in separation science due to its superior pH stability and mechanical strength compared with silica. Several studies have been conducted on the application of titanium in chromatographic separations. Tani and Suzuki (1996) reported the preparation of titanium-based packing materials for HPLC by sol–gel method, and investigated their properties. Tsai et al.(1994) prepared silica capillaries coated with titanium or alumina for capillary electrophoresis (CE) separation of proteins. Fujimoto (2002) used a thermal decomposition technique to create titanium coatings on the inner surface of fused silica capillaries for capillary zone electrophoresis (CZE) and capillary electrochromatography (CEC) applications. 

Apart from column and capillary coating, titanium also has been developed via sol-gel process for the extraction of aqueous samples. Mixed phase materials such as titanium–poly(dimethylsiloxane) (TiO2–PDMS)  (Kim et al., 2004) and titanium poly(tetrahydrofuran) (poly-THF) (Segro et al., 2009) have been developed for in-line solid phase microextraction for alkylbenzenes, ketones, amines, phenols and poly-aromatic hydrocarbon (PAHs). Titanium-hydroxy-terminated silicone oil (titanium-OH-TSO) (Lan et al., 2010; Li et al., 2007) have been reported as coating materials for solid phase microextraction (SPME) and stir bar sorptive extraction (SBSE) respectively. Polyethylene glycol (PEG) has been used as polymeric precursor for SPME coating with titanium backbone (Farhadi et al., 2009). Titanium (IV) butoxide precursor have been reported previously as coating on polypropylene hollow fiber inserted with stainless steel for the stir bar sorptive extraction of arsenics in chicken tissue (Mao et al., 2011).

2.2.2 3-cyanopropyltriethoxysilane

3-cyanopropyltriethoxysilane (CNPrTEOS) (Fig. 2.3) is among the most useful stationary phases as it exhibit both polar and polarizable characteristics at both low and high temperatures. The characteristic of cyano group with unshared electron pair in the nitrile nitrogen are responsible for increased affinity as it may form intermolecular hydrogen-bonds with suitable hydrogen donor sample molecules such as phenols, alcohols, ketones, esters, and analytes bearing π-electrons (Kim et al., 2004).

The polar property of cyanopropyltriethoxysilane has attracted great interest among researchers. The used of CNPrTEOS has been reported in separation science field as stationary phase in chromatography. For instance, cyanopropyl (CN) reversed phase liquid chromatography has been used to separate two medically important components of Huperzia serrata, quercetin, rutin, isoquercitrin and taxifolin metabolites (Vacek et al., 2012), 2,4-dinitrophenylhydrazine derivatives (Acosta-Silva et al., 2011), asphaltenes (Loegel et al., 2012) and many other polar compounds that are difficult to separate by the conventional silica-based column. 



                                 
             
Figure 2.3 : Molecular structure of 3-cyanopropyltriethoxysilane
With the successful reports on the separation of polar compounds using CN-based column, many researchers began to widely use CN-based materials for extractions. Based on solid phase extraction, cyanopropyl cartridges have been used, (Smith et al., 1993), ondansetron enantiomers (Kelly et al., 1993) and isolation of basic drugs (De Smet et al., 1988) from human plasma and extraction of antioxidant from defatted dabai crude extracts (Khoo et al., 2012).

2.3 Sol-gel Preparation

Sol–gel chemistry offers an effective methodology for the synthesis of macromolecular materials under extraordinarily mild thermal conditions (typically at room temperature). The room temperature operation, inherent in sol–gel chemistry, facilitates the material synthesis process by easing the operational requirements on equipment specification and laboratory safety. Sol–gel organic–inorganic hybrid materials provide desirable sorptive properties that are difficult to achieve by using either purely organic or purely inorganic materials. Because of this unique opportunity to achieve enhanced selectivity, hybrid sol–gel materials have created a great deal of interest in the field of microcolumn separations and sample preparation. 

There are four major reactions that occur during the sol-gel formation (Wilson et al., 2002) i.e. hydrolysis, condensation and polymerization of monomers to form particles, growth of particles and agglomeration of particles followed by the formation of network that extend throughout the liquid medium resulting in thickening, which forms a gel. 

In order to control the entire sol-gel process and fine-tune the properties of the target product, it is important to understand the chemical reactions involved. In general, a sol-gel process involves hydrolysis of metal alkoxides precursors (and/or polymers) and polycondensation reactions converting them into a colloid that ultimately turns into a three dimensional network. Any experimental parameter that affects sol-gel reactions is likely to influence the properties of the final product. Hence, accurate control of experimental conditions is very important in sol-gel synthesis. The relative rates of hydrolysis and condensation may vary depending on experimental conditions. When the rate of condensation reaction is higher than that of the hydrolysis reaction, the resulting sol-gel material is highly branched and the corresponding gel typically acquires a mesoporous structure (Sarwar and Ahmad, 2000). On the other hand, if the hydrolysis reaction rate is significantly higher than that of the condensation reaction, then the resulting sol-gel material is weakly branched and the corresponding gel typically acquires a microporous structure (Tilgner et al., 1995). A typical sol solution generally contains the following chemical components: (1) one or more sol-gel precursor(s) (usually a metal alkoxide M(OR)x), (2) solvent system, (3) a catalyst (an acid, base or fluoride), and (4) water.

Since hydrolysis and condensation both involve nucleophilic displacement (SN) mechanism, the reactivity of metal alkoxides in the sol-gel process, consisting of these reactions, is dependent on the positive partial charge of the metal atom and its coordination number. In general, the longer and bulkier the alkoxide group attached to a particular metal atom, the less reactive that precursor is in hydrolysis and condensation. Many metals, such as titanium, aluminum, vanadium, zirconium, and germanium, can be used to prepare their alkoxides. Silica-based alkoxides are the most widely used precursors due to their well known chemistry, stability of Si-O bond, and commercially availability of starting materials (Ogoshi and Chujo, 2005). However, in order to provide thermal and chemical stability, titanium, aluminium and zirconium seem to be the potential candidates.

Often, more than one solvent (e.g., mixture of methanol and dichloromethane) is used depending on the compatibility of the sol-gel precursor(s) and the sol-gel active organic ligand. The amount of solvent used also has a significant effect on the gelation time. Besides, the water-to-precursor ratio in the sol solution may also affect the reaction rates as well as the physical properties of the created sol-gel materials. In the case of alcohols, they can participate in esterification reaction which will reduce the hydrolysis rate and further interrupt the formation of sol-gel (Soleimani Dorcheh and Abbasi, 2008). In their gel preparation, Li et al. (2007) and Lan et al. (2010) used a mixture of dichloromethane and isopropanol to homogenized titanium (IV) butoxide and hydroxyl-terminated silicon oil (OH-TSO).  The proportion of the precursor to water is important as different water ratios yield different products. Girona et al. (2003) and Nicolaon and Teicher (1968) have investigated that higher ratios give smaller particles size. However, by increasing the water concentration, chemical reactions are accelerated and gelation times decreased and could caused the retardation of sol-gel reaction. 

Among all the chemical ingredients used in sol gel process, catalyst(s) play a vital role. They not only change the reaction speed, the type of the catalyst also affects the structure of the resulting sol-gel materials. Various acidic (e.g., acetic acid, hydrofluoric acid, and trifluoroacetic acid) and  basic ammonia  and amines catalysts have been used to expedite the alkoxide-based sol-gel processes. A generally accepted notion is that acid-catalyzed sol-gel processes are more likely to produce linear polymers because under acidic conditions, the hydrolysis of alkoxide precursors is faster than the condensation process (Tilgner et al., 1995). Under acidic conditions, the mechanism of hydrolysis reaction involves protonation of the alkoxide group followed by a nucleophilic attack by water to form a pentacoordinate intermediate.

On the other hand, under basic condition, condensation reaction is faster and the rate of the overall sol-gel process is determined by the relatively slow hydrolysis step. The hydrolysis reaction under basic condition is believed to start with the nucleophilic attack on the silicon atom by the hydroxide anion and form a penta-coordinated intermediate. This step is followed by the substitution of an alkoxide group by a hydroxyl group (Arnal et al., 1996; Buckley and Greenblatt, 1994). Gelation times are generally longer when the pH of sol is low. According to Karmakar et al. (2000), the acid-water mixture irrespective to the type acid such as hydrochloric acid, phosphoric acid and etc can produce microsphere sol-gel which will contribute to higher surface area for extraction. Different acid catalysts have been used. For instance, Farhadi et al. (2009) used nitric acid, Kim et al. (2004), Sergo et al. (2009) utilized triflouroacetic acids and Mao et al. (2011) employed acetic acid in their sol-gel reactions. 

Finally, once hydrolysis and condensation reaction of have been completed, the product will undergo an aging process. The aging process involved a removal of the remaining liquid (solvent) phase, which is typically accompanied by a significant amount of shrinkage and densification. The rate at which the solvent can be removed is ultimately determined by the distribution of porosity in the gel. The ultimate microstructure of the final component will clearly be strongly influenced by changes imposed upon the structural template during this phase of processing. Table 2.1 showed the optimum sol-gel preparation from previous researches.
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 Table 2.1: Sol-gel preparations
	Precursors
	Solvent
	Water
	Catalyst
	Reference

	
Titanium(IV) isopropoxide, 50 µL
Polydimethylsiloxane, 50 mg
	
Dichloromethane, 18 µL
1-butanol, 200 µL
	
18 µL
	
27 % Trifluoroacetic acids
	
(Kim et al., 2004)

	Titanium(IV) isopropoxide
Triethoxysilane (mol ratio 1:1)
Poly-tetrahydrofuran, 230 µL
	Dichloromethane, 300 µL
	Mol ratio: 4
	73 % Trifluoroacetic acids, 40 µL
	(Segro et al., 2009)

	Titanium(IV) butoxide, 151 µL
Hydroxy-terminated silicon oil, 90 mg
	Dichloromethane, 150 µL
Isopropanol, 150 µL
	-
	Triflouroacetic acid containing 5 % of water, 38 µL
	(Li et al., 2007)

	Polydimethylsiloxane, 50 mg
Triethoxysilane, 50 µL
3-cyanopropyltriethoxysilane, 50 µL
	Dichloromethane, 700 µL
	-
	Triflouroacetic acid containing 5 % of water, 50 µL
	(Kulkarni et al., 2006)

	 (
Table 2.
1
 (continued)
)
Tetramethoxysilane
Mol ratio: 1
	
Methanol
Mol ratio: 4
	
Mol ratio: 4
	
NH4OH 10−2M
	
(Dieudonné et al., 2000)

	Tetramethoxysilane
Mol ratio: 1
	Methanol
Mol ratio: 0.5–3
	Mol ratio:
2-20
	CH3CO2H, 0.06–1M 
NH4OH, 0.02–1M
	(Teichner et al., 1976)

	Triethoxysilane
Mol ratio: 1
	Ethanol
Mol ratio: 3
	Mol ratio : 4
	Hydrochloric acid
Mol ratio : 0.02
	(Kirkbir et al., 1996)



2.4	Extraction Methods for Chemical Analysis

Most analytical procedures usually involve several steps such as sampling, sample preparation, separation, quantitation, and statistical evaluation. Each step should be conducted correctly in order to obtain accurate and reproducible results. Among all the steps involved, sample preparation can be regarded as one of the most important steps to determine the success of overall analytical procedure. In brief, method of sample preparation is varying according to the characteristic of the analytes of interest and the sample matrix. Sample preparation often involves a technique that possesses high efficiency in transferring analytes of interest from the sample matrix into a solvent of known or specified absorbent in order to improve detectability using various chromatographic or electrophoretic methods. When dealing with the sample matrix with very low concentrations of analytes of interest, sample preparation must be able to enrich and preconcentrate the analyte as well as to perform clean-up procedures which overall lead to the increment of concentrations of analytes to measurable levels (Mitra, 2003). 

From basic aspect, when dealing with sample which is in aqueous solution, typical solvent extraction procedure in specified mode can be applied. An organic solvent which is immiscible with the sample solution is brought into intimate contact with the sample solution and ultimately leads to partial isolation of the analytes of interest from the sample solution into the organic solvent.  If the sample is a solid, the extraction solvent used can be either an aqueous solution such as acid or an organic solvent. The solid sample (usually ground into fine powder) is brought into contact with the extracting solvent and analytes of interest is at least partially separated from the solid sample and dissolved in the solvent, while most other materials remain undissolved. The undissolved materials are usually not important in analysis and may sometime contain interfering substances which are best remain undissolved in extracting solvent (Cazes, 2004) 

In general, sample preparation can be classified into a number of different classes of activities. It can be as simple as filtration, sedimentation and centrifugation or involves more tedious protocols such as solvent extraction, sorbent extraction and compound isolation and membrane separations.    

2.4.1 Liquid-Liquid Extraction (LLE)

Classical liquid-liquid extraction (LLE) is a versatile sample-preparation technique, prescribed in many standard analytical methods. It is well-known as a simple and easy handling technique in sample preparation and isolation in analytical chemistry. In LLE, two liquid phases must be immiscible and the extraction is generally referred to as immiscible solvent extraction. The extraction is accomplished when the analyte has favorable solubility in organic solvent (Mondello et al., 2002).

Despite its popularity, LLE is considered to be a time-consuming and multistage operation, generally labor-intensive, where problems of emulsion formation obstruct automation. Moreover, the use of large amounts of expensive and highly toxic organic solvents influences trace analysis, poses a health hazard to laboratory workers and results in the production of hazardous laboratory waste, thus adding extra operational costs for waste treatment.
In order to address the problems generated by classical LLE, several new sample preparation and extraction techniques were developed and implemented during the last two decades. However, due to the simplicity of LLE, the method is still widely utilized in analytical laboratory and daily laboratory analysis.

2.4.2 Solid Phase Extraction (SPE)

In 1977, the very first prepackaged disposable cartridges column containing bonded silica sorbent was introduced by Waters Corporation. The introduction of this disposable cartridge represents the development of new era of SPE method and resulted in exponential growth in various applications of this technique. The technical term solid phase extraction (SPE) was coined in 1982 by employees of the J. T. Baker Chemical Company (Simpson, 2000).

SPE is one of the widely used methods that successfully redressed the limitations inherent in the classical LLE method. The most common benefits of SPE relative to LLE are reduced total analysis time, cost effective, reduced total organic solvent consumption and disposal. The SPE technology continues to grow especially in the research involving environmental samples preparation. 

SPE is referred to as a technique that involves non-equilibrium, exhaustive removal of chemical constituents from a flowing sample solution via specific retention on a cartridge pre-packed with solid sorbent and subsequent recovery of selected constituents by elution from the sorbent (Mitra, 2003). In brief, SPE procedures usually consists of four basic steps namely conditioning, sample retention, rinsing, and elution. Conditioning of the sorbent before the extraction is essential to ensure reproducible retention of compound of interest. Sample solution is then introduced through the sorbent and retention process will occur. During the process, only analytes of interest is isolated and adsorbed on the sorbent while most of the undesired matrix components are eluted out through the sorbent unretained. The sorbent is rinsed with specific solution to remove other undesired matrix components. The analyte of interest is retained on the sorbent during the rinsing step. Finally, all the retained analytes are eluted by using strong solvent. The purified and concentrated isolate is collected and ready for subsequent analysis (Simpson, 2000).

The tremendous development of SPE technique is probably due to the discovery of high efficient sorbents that are able to extract various types of analytes (Table 2.2). In addition, the advancement of SPE technology has resulted in SPE membranes filters or membrane filter disks (Raynie, 2004; Raynie, 2006). The SPE membrane disks provide the opportunity to reduce solvent usage compared to liquid-liquid extraction and traditional packed particle SPE. The applicability of fast sample flow rate as the mass transfer kinetics of the tightly packed particles allow recoveries that are independent of sample flow rate and significantly reduce the total extraction time (Westbom et al., 2004).     









Table 2.2: Properties of commercially available solid phase extraction sorbents (Simpson, 2000).
	Bonded Phase
	Acronym
	Primary Properties

	Octadecyl
	C18, ODS
	Non-polar

	Octyl
	C8
	Non-polar

	Ethyl
	C2
	Non-polar

	Phenyl
	PH
	Non-polar

	Cyclohexyl
	CH
	Non-polar

	Cyanopropyl
	CN (Cyano)
	Non-polar / polar

	Propanediol
	2OH (Diol)
	Polar / Non-polar

	Silica (unbonded)
	SI
	Polar

	Alumina (unbonded)
	AL
	Polar

	Florisil (unbonded)
	FL
	Polar

	Diethylaminoethyl
	DEA
	Weak anion exchange / polar

	Aminopropyl
	NH2
	Weak anion exchange / polar

	Carboxyethyl
	CBA
	Weak cation exchange

	Propylsulfonic acid
	PRS
	Strong cation exchange

	Ethylbenzene sulfonic acid
	SCX
	Strong cation exchange

	Trimethylammonium propyl
	SAX
	Strong cation exchange






2.4.3 Solid Phase Microextraction (SPME)

	Miniaturization has become an important trend in the development of sample preparation techniques. SPME components and extraction procedure is generally simple and user-friendly. SPME utilizes a short, thin, solid rod of fused silica and the surface of the silica rod is coated with an adsorbent polymer. The fiber is very stable even at high temperatures. The SPME fiber is attached to a metal rod and both of the metal rod and fiber are protected by metal sheath when it is not in use. In brief, SPME procedure consists of two major steps: the partitioning of analyte of interest between the sample solution and the fiber coating, and the desorption process of concentrated analytes from the coated fiber to the analytical instrument (Pawliszyn, 1997). 

Several types of coating material are now commercially available. There is no single fiber coating that is able to extract all the analytes to the same extent. This phenomenon is identical to that in gas chromatography where different stationary phases are aimed for different classes of compounds. Polar fibers are effective for extracting polar analytes and non-polar fibers tend to extract non-polar analytes from sample matrices. At the moment, the type of coating can be classified into different polarity as well as specific fiber coating thickness (Table 2.3). 

2.4.4 Stir Bar Sorptive Extraction (SBSE)

	Stir bar sorptive extraction (SBSE) is a versatile sample preparation technique. It is usually used for enrichment of organic compounds from aqueous samples. In SBSE, a stir- 

Table 2.3: Commercially available SPME Fibers (Grob and Barry, 2004)

	Fiber coating
	Polarity
	Coating stability
	Maximum Temperature

	
	
	
	

	7 m PDMS
	non-polar
	bonded
	340 C

	30 m PDMS
	non-polar
	non-bonded
	280 C

	100 m PDMS
	non-polar
	non-bonded
	280 C

	85 m Polyacrylate
	polar
	crosslinked
	320 C

	75 m Carboxen/PDMS
	bipolar
	crosslinked
	340 C

	65 m Carbowax/DVB
	polar
	crosslinked
	260 C

	60 m PDMS/DVB
	polar
	crosslinked
	270 C

	50 m Carbowax/TPR
	polar
	crosslinked
	240 C

	
	
	
	




bar which is coated with a layer of polydimethylsiloxane (PDMS) gum is immersed in aqueous solution for a specified time and results in sorptive extraction of the analytes into the PDMS coating (marketed by Gerstel, Inc. as Twister) (Erik et al., 1999).  

	 There are two main methods to desorb the analytes after the extraction. For entirely non-volatile compounds, the stir-bar can be desorbed in suitable organic solvent prior to GC or LC analysis. As for volatile and semi-volatile compounds, the stir-bar can be thermally desorbed and analyzed through online desorption coupled with GC with various detectors. SBSE have been widely used in the analysis of various organic pollutants in water (Baltussen et al., 1999; Popp et al., 2001). SBSE was evaluated for the enrichment of organic compounds from biological samples such as urine, blood, and sperm (Benijts et al., 2001). 

	Compared to LLE, SPE and SPME, SBSE is a relatively new emerging technique that appears to lie on the extraction continuum between LLE and SPME. The capacity of SBSE for exhaustive extraction is generally greater than SPME but less than LLE. More sorbent mass is typically present in SBSE than in SPME which resulted in higher capacity of analytes transfer from sample to sorbent in SBSE (Mitra, 2003).

2.4.5 Solid Phase Membrane Tip Extraction (SPMTE)

As an innovation to the conventional SPME, a novel microextraction technique termed solid phase membrane tip extraction (SPMTE) was developed by See et al. (2010). Selected triazine herbicides were employed as model compounds to evaluate the extraction performance and multiwall carbon nanotubes (MWCNTs) were used as the adsorbent enclosed in SPMTE device. The SPMTE procedure (Fig. 2.4) was performed in semi-automated dynamic mode and several important extraction parameters were comprehensively optimized. Under the optimum extraction conditions, the method showed good linearity in the range of 1–100µg L-1, acceptable reproducibility (RSD 6–8%, n = 5), low limits of detection (0.2–0.5µg L-1), and satisfactory relative recoveries (95–101%). As SPMTE is a newly developed technique, thus it is our interest to diversify the sorbent that could be applied for extraction of polar compounds. 

Apart from MWCNTs, latest development for SPMTE was done using mesoporous silica material, MCM-41 as an adsorbent of non-steroidal anti-inflammatory drugs (NSAIDs) in urine prior to high performance liquid chromatography-ultraviolet (HPLC-UV) analysis (Kamaruzaman et al., 2013). Four NSAIDs namely ketoprofen, diclofenac, mefenamic acid and naproxen were selected as model analytes. Under the optimum extraction condi-tions, the MCM-41-SPMTE method showed good linearity in the range of 0.01–10 µgmL-1 with excellent correlation coefficients (r = 0.9977–0.9995), acceptable RSDs (0.4–9.4%, n = 3), good limits of detection (5.7–10.6 µg L-1) and relative recoveries (81.4–108.1%).


[image: ]
Figure 2.4: Schematics of (a) the SPMTE setup and (b) expanded view of dynamic SPMTE (See et al., 2010).
2.4.6 Extraction Using Sol-Gel Sorbents

	Apart from commercial sorbents for SPE, SPME and SBSE, the quest for selective sol-gel sorbents were carried out by various researchers.  The number of publications on the application of sol-gel sorbents for SPE, SPME and SBSE analysis according to Scopus (2013) is shown in Fig. 2.5. As can be seen, the application of sol-gel sorbents for SPE, SPME and SBSE is still relevant based on the number of publications to-date. SPME showed the highest numbers of publications as compared to SPE even though it earlier than SPME. The summary of some sol-gel sorbents and its application in various samples are shown in Table 2.4. 

Figure 2.5: Number of publications on extractions using sol-gel sorbents according to year.
Table 2.4: Summary of sol-gel sorbents in SPE, SPME and SBSE.
	Year
	Sol-gel
	Analytes
	Matrix
	Extraction Method
	Reference

	2003
	Biphenilaminepropylsilica and biphenilaminepropylsilicatitanium
	Isoquinoline,
quinoline, fluorene (IS), phenanthridine, acridine and 7,8-benzoquinoline
	
	SPE-GC-MS
	(de Moraes et al., 2003)

	2006
	Tetraethoxysilane-thiacrown ether
	Sulfates of Zn2+, Cd2+,V4+,Ni2+, Cu2+, Mn2+; nitrates of Mg2+, Co2+, Ag+ and chloride of Hg2+
	Water
	SPE-ICP-MS
	(Saad et al., 2006)

	2009
	n-octyltriethoxysilane-tetraethoxysilane-3-mercaptopropyltrimethoxysilane silica monolith
	Sulfadiazine, sulfapyridine,
sulfamerazine, sulfameter, sulfamethazine,
sulfamonomethoxine, sulfachloropyridazine, sulfadoxine
	Milk
	µSPE-HPLC
	 (
(Continue)
)(Zheng et al., 2009)

	 (
Table 2.4 (continued)
)2010
	Bisphenol A-imprinted silica nanoparticle
	Bisphenol A
	Shampoo, bath  lotion,
cosmetic cream
	SPE-HPLC-UV
	(Zhu et al., 2010)

	2012
	Oxytetracycline-imprinted poly(methacrylic
acid)–silica
	Oxytetracycline, metacycline and doxycycline
	Milk
	SPE-HPLC-UV
	(Lv et al., 2012)

	2012
	Methyltrimethoxysilane-tetraethoxysilane
(MTMOS–TEOS)
	Chlorpyrifos, diazinon, profenofos, methidathion and quinalphos
	Water
	SPE-GC-MS
	(Ibrahim et al., 2012)

	2012
	3-aminopropyltriethoxysilane-tetramethoxysilane (APTES-TEOS) 
	Bisphenol A, diphenolic Acid, tetrabromobisphenol A, diethylstilboestrol, trichlorophenol and nonylphenol
	Water
	MIP-SPE-LC-DAD
	(Yin et al., 2012)

	 (
Table 2.4 (continued)
)2013
	β-cyclodextrin(CD)-modified silica and 4-vinylpyridineas-ethylene glycol dimethacrylate (4-VP-EGDMA)
	Methyl jasmonate
	Wintersweet flower
	SPE-HPLC
	(Zhang et al., 2013)

	2006
	Aluminium-sec-butoxide- Hydroxy terminated polydimethylsiloxane (Al-OH-PDMS)
	Fatty acid, phenols, alcohols, aldehydes and amines
	Alcohol and beer
	SPME-GC-FID 
	(Liu et al., 2006)

	2007
	Titanium (lV) butoxide-hydroxy terminated silicone oil (Ti-OH-TSO)
	Amphetamine, methamphetamine, ketamine
	Wastewater
	SPME-GC-UV 

	(Li et al., 2007)

	2009
	Tetrabutyl orthototitanat-polyethyleneglycol (TBOT-PEG)
	Benzene, toluene, ethylene, xylene
	Water
	SPME-HPLC-UV
	(Farhadi et al., 2009)

	2009
	Funtionalized carbon nanotubes- methyltrimethoxysilane (CNT-MTMOS)
	Benzene, toluene, ethylbenzene, o-xylene,  p-cresol, 2-chlorophenol, 2,4-dichlorophenol,  2,4,6-trichlorophenol, 
2-nitrophenol
	-
	SPME-GC
	(Jiang et al., 2009)

	 (
Table 2.4 (continued)
)2013
	Poly(dimethylsiloxane) in the presence of ionic liquid as co-solvent and conditioned at a higher temperature than decomposition temperature of ionic liquid (PDMS-IL-HT)
	Benzene, toluene, ethylbenzene
and o-xylene
	Water
	SPME-GC-FID
	(Sarafraz-Yazdi and Vatani, 2013)

	2010
	Titanium-hydroxy-terminated silicone oil (titanium-OH-TSO)
	Amphetamine, methamphetamine, 3,4-methylenedioxyamphetamine, 3,4-methylenedioxymethamphetamine, ketamine
	Human urine
	SBSE-HPLC-UV
	(Lan et al., 2010)

	2011
	Tetraethoxysilane-polydimethylsiloxane
(TEOS-PDMS)
	Chlorpyrifos and malathion
	-
	SBSE-HPLC-UV
	(Ibrahim et al., 2011)

	2011
	Polydimethylsiloxanecyanopropyltriethoxysilane (PDMS-CNPrTEOS)
	Ketoprofen and diclofenac sodium
	Human urine
	SBSE-CE-DAD
	(Ibrahim et al., 2011)

	 (
Table 2.4 (continued)
)2011
	Tetrabutyl titanate coated on polypropylene hollow fiber
	Arsenic
	Chicken tissue
	SBSE-HPLC-ICP-MS
	(Mao et al., 2011)

	2012
	Sulfonated polystyrene-titanium (PSP-TiO2)
	Seleno-amino acids 
	Biological samples
	SBSE-HPLC-ICP-MS
	(Mao et al., 2012)

	2013
	Polydimethylsiloxane-polythiophene (PDMS-PTH) 
	Phorate, fenitrothion, malathion, parathion and quinalphos
	Water
	SBSE-LD-LVI-GC-FPD
	(Hu et al., 2013)




2.5 Aromatic Amines

Aromatic amines are generally identified as those chemical compounds having in their molecular structure one or more aromatic rings, bearing one or more amino substituents. Many of them have an unpleasant smell and are harmful to health because of their toxicity (Muller et al., 1997). 

Toxic aromatic amines, such as aniline and other substituted derivatives, are important industrial chemicals that are used to make dyes, synthetic polymers, rubbers, pesticides, cosmetics, medicines, and many other chemicals. They may be released both from these manufacturing processes and power generators, such as coal-conversion waste facilities (Kataoka, 1996; Voyksner et al., 1993). As a result, these residues have become significant contaminants in environmental waters and are especially problematic given their known toxicity and biological. 

These chemicals have been classified as priority pollutants by US Environmental Protection Agency (EPA), and their use is extensively regulated (EPA Method 1625, 1994 and EPA Method 8270B, 1994). Given the increasing use of these compounds in various industries, monitoring of their levels in environmental waters is of critical importance to the protection of human health and the environment. This has increased the demand for the development of simple, reliable, sensitive and rapid analytical methods (Lin et al., 2010).




2.5.1 Extraction of Aromatic Amines

A sample preparation step is often necessary to isolate and concentrate organic compounds of interest from matrix. In this context, it is fundamental to develop analytical methods and improve sample preparation techniques. Aromatic amines are typically preconcentrated by liquid–liquid extraction; solid-phase extraction (SPE), solid phase microextraction (SPME), stir bar sorptive extractions (SBSE) and etc followed by determination with high-performance liquid chromatography (HPLC) or gas chromatography (GC). 


Amine extraction from aqueous samples has been traditionally performed by liquid–liquid extraction, despite the disadvantages associated with liquid–liquid extraction, for example matrix interference, emulsion formation, large volumes of hazardous solvents and time consumption. Other alternatives including sample clean-up, and/or sample enrichment techniques are SPE or more recently, SPME and SBSE which for well-known reasons are gradually superseding liquid–liquid extraction. Those procedures can be applied to multiple biological samples either naturally liquid, as biological fluids or beverages or after acidic extraction from solid material. Table 2.5 summaries some of the procedures described in the literature related to amine extraction and determination.







	 (
Table 2.5
: Summary of the extraction of aromatic amines.
)Amine
	Sample
	Extraction Procedure
	Instruments
	LOD
	References

	
Aniline
	
Water collected from rubber-additive manufacture plant
	
Microwave-assisted desorption(MAD) coupled with in situ headspace solid-phase microextraction (HS–SPME) with silica gel sorbent
	
GC-FID
	
0.09 ng
	
(Yan et al., 2004)

	p-Nitroaniline, aniline, 2,4-dinitroaniline, o-chloroaniline and 3,4-dichloroaniline 
	Tap water,  Tingxi reservoir water in Xiamen and  Baicheng seawater in Xiamen
	poly(vinylpyridine-ethylene dimethacrylate) monolithic material (SBSE-VPED) and poly(vinylpyrrolididone-divinylbenzene) monolithic material (SBSE-VPDB)
	HPLC
	0.09–0.28  μg/L
	(Huang et al., 2009)

	3-nitroaniline,
3-chloroaniline and 4-bromoaniline
	Tap water,
river water, groundwater
	Hollow fiber liquid phase microextraction (HF-LPME)
	HPLC-UV
	0.01–0.1 µgL−1
	(Sarafraz-Yazdi et al., 2009)


	 (
Table 2.
5
 (continued)
)
Anilines, chloroanilines, N-nitrosamines and aliphatic amines
	
River, pond, tap, well, drinking, swimming pool and waste water
	
LiChrolut EN, Oasis
HLB, RP-C18, graphitized carbon black, fullerenes and nanotubes sorbents for SPE
	
GC-MS
	
0.5–16 ngL−1
	
(Jurado-Sánchez et al., 2009)

	4-nitroaniline, 2,4-dinitroaniline and dicloran
	River water, tap water, well water, lake waste water
	Two-/three-phase hollow-fiber-based liquid-phase
microextraction (HF-LPME)
	HPLC
	0.5–1.5 µg/L
	(Tao et al., 2009)

	Aniline, phenol, m-cresol, o-dinitrobenzene and p-nitroaniline
	Pond water
	SPME-coated with multiwalled carbon nanotubes (MWCNTs)/
Nafion
	GC-FID
	0.03–0.57 ng mL−1
	(Chen et al., 2009)

	Tryptamine, putrescine, histamine and tyramine
	Fish, soy bean, tomato ketchup, cheese
	4-aminobenzo-18-crown-6-SPE
	HPLC
	4.43–7.34 µgL−1
	(Saaid et al., 2010)

	2-nitroaniline, 3-nitroaniline, 4-nitroaniline, 2,4-dinitroaniline and 2,6-dinitroaniline
	Waste water sample
	Hydrophile–lipophile sorbent SPE
	HPLC-UV
	-
	(Tong et al., 2010)

	 (
Table 2
.5
 (continued)
)
2-chloroaniline, 3-chloroaniline, 2,3-dichloroaniline, 2,4-dichloroaniline, 3,4-dichloroaniline, and 3,5-dichloroaniline 
	
Water sample
	
Hollow fiber-based liquid phase microextraction

	
GC-FID
	
≤5.1 μg L−1
	
(Young et al., 2011)

	Melamine, N-nitrosamine and chloroaniline derivatives
	Cow milk, skimmed cow milk, goat milk and skimmed goat milk
	LiChrolut-EN-SPE
	GC-MS
	20-130  ng/kg
	(Jurado-Sánchez et al., 2011)

	Heterocyclic aromatic amines
	Processed meat
	Tandem SPE
	LC–ESI–MS/MS
	0.08-0.3 pg
	(Zhang et al., 2012)

	Azelaic, adipic, vanillic, sebacic, cis-pinonic and pinic, triethylamine, quinoline and tripropylamine, cinnamaldehyde and β-caryophyllene aldehyde
	Atmospheric aerosol particle sample
	Alkyl-3-(propyl-3-sulfonate) imidazolium-functionalized silica sorbent for SPE
	LC-MS and GC-MS
	-
	(Vidal et al., 2012)

	
2, 4-dimethylaniline, 2-chloroanline, N,N-dimethylaniline, N,N-dimethylaniline and alpha-naphthylamine
	
Water samples
	
Temperature-controlled ionic liquid dispersive liquid-phase microextraction
	
HPLC
	
0.39–0.63 μg L-1
	
(Zhou et al., 2012)

	Heterocyclic amines
	Hair and cigarette smoke
	SPME
	LC-MS-MS
	0.10–0.79  pg mL−1
	(Kataoka et al., 2013)

	Aniline, 2-toluidine, 3-toluidine, 4-toluidine, 3-chloroaniline, 4-chloroaniline, 2,6-dimethylaniline, 3,5-dimethylaniline, 2-anisidine, 3-anisidine, and 4-anisidine
	Environmental waters, food samples of ice cream powder and soft drinks concentrate, and food colours
	Headspace-SPME
	GC-MS
	25–240  ng L−1
	(Jain et al., 2013)

	Heterocyclic aromatic amines
	Beef burger
	Dispersive liquid–ionic liquid microextraction
	LC-DAD
	0.35 and 2.4 
ng mL−1
	(Agudelo Mesa et al., 2013)


 (
Table 2.
5
 (continued)
)


CHAPTER 3

RESEARCH METHODOLOGY

3.1 Chemicals, Materials and Reagents

Aromatic amines (Table 3.1), namely aniline (A), m-toluidine (mT), N,N-dimethylaniline (DMA), N,N-diethylaniline (DEA), 4-ethylaniline (4EA), ethylaniline (EA) were purchased from Sigma–Aldrich (Steinheim, Germany). HPLC grade acetonitrile, methanol and toluene were obtained from J.T. Baker (USA). n-nonane, ferro-sulphate, sodium chloride and humic acid were obtained from Fluka (Switzerland). n-hexane, acetone, and isooctane were purchased from Merck (Germany). 

The sol-gel ingredients (Table 3.2), titanium (IV) butoxide (Ti(OBu)4) 95% was purchased from Fluka (Buchs, Switzerland) and 3-cyanopropyltriethoxysilane (CNPrTEOS) and hydrochloric acid  (HCl) 98% and tetrahydrofuran  were purchased from Sigma-Aldrich (USA). 

Stock solutions of 1000 mg L-1 of each aromatic amine were prepared in hexane. Working solutions were prepared by diluting the stock solutions with hexane. The stock solution and working standards were stored in the refrigerator at about -4oC. Double-distilled deionized water of at least 18 MΩ was purified by Simplicity Water Purification System, Millipore (Molsheim, France). 
Table 3.1: Structure and properties of aromatic amines
	Analytes
	Chemical structure
	Boiling point (°C)
	log Ko/w
	pKa

	
Aniline


	           

      
	
184

	
0.91

	
4.60

	
m-toluidine



	                 



	
203.3
	
1.39

	
5.10

	
N,N-diethylaniline


	        



	
215.5-217.1

	
3.17-4.00

	
6.57

	
N,N-dimethylaniline


	             



	

194.1

	

2.28

	

5.15

	
4-ethylaniline
	            

     
	
216
	
1.92
	
5.28

	
Ethylaniline
	       

    
	
203-207
	
1.92-2.25
	
5.12


 (
Table 3.1 (continued)
)

Table 3.2: Name, function and chemical structure of the sol-gel ingredients for Ti-CNPrTEOS sorbent.
	Name
	Function
	Chemical structure

	
Titanium (IV) butoxide


	
Sol-gel precursor

	



	
3-cyanopropyltriethoxysilane



	                 
Sol-gel co-precursor

	




	
Hydrochloric acid
	        
Catalyst
	
  HCl

	
Tetrahydrofuran
	
Solvent
	   

       






3.2 Instruments

Several instruments have been used to characterize Ti-CNPrTEOS sorbent. The FTIR spectrum was obtained using KBr pellet method on a 1600 Series Perkin Elmer spectrophotometer (MA, USA) in the range of 400–4000 cm−1. Thermogravimetric analysis (TGA) was performed with Perkin-Elmer thermogravimetric analyzer (TGA 7) at heating rate of 10°C min−1 under nitrogen atmosphere. The surface morphology of the sol–gel hybrid Ti-CNPrTEOS was determined at 15 kV using a JSM-6390 field emission-scanning electron microscope (FE-SEM) from JEOL (Tokyo, Japan). The surface area and pore size distribution of the sol–gel Ti-CNPrTEOS were measured by nitrogen adsorption–desorption isotherms at 77K on an Aurusorb Automated Gas Sorption analyzer (Quantachrome Corporation) using Brunauer–Emmett–Teller (BET) desorption methods. 

Aromatic amines were analyzed using an Agilent 7890A GC system with an Agilent 5975C Series GC/FID from Agilent Technologies Inc. (Santa Clara, CA, USA). The GC column used was a Agilent HP-5MS column (30 m × 0.32 mm i.d. and 0.25 µm film thickness). Helium gas was used as the carrier gas with a flow rate of 1.1 mL/min and nitrogen was used as the make-up gas with a flow rate of 32.4 mL/min. The data were processed using Agilent Chemstation.  

3.3 Preparation of Ti-CNPrTEOS Sorbent 

The molar ratio of the starting composition of Ti(OBu)4: CNPrTEOS:THF:HCl:H2O was 1:1:6:1:4. The Ti-CNPrTEOS was prepared by mixing Ti(OBu)4, CNPrTEOS and THF in a beaker and stirred for approximately 30 min at room temperature. Subsequently, water acidified with HCl was added drop wise to the beaker. The resulting mixture was magnetically stirred for 30 min. The clear and homogeneous wet gel obtained was aged in an oven (60°C) for 24 h. 

The dried gel was next ground into small pieces using mortar and pestle and washed with 3 x 10 mL acetone, followed by 3 x 10 mL deionized water. The product was finally dried at 100°C for 24 h. 

3.4 Gas Chromatography-Flame Ionization Detector Analysis

The GC oven temperature program used was as follows: 60oC held for 1 min, 30oC/min to 220oC, held for 3 min. The injector temperature was 260oC. The detector temperature was 260oC. The carrier gas was helium, maintained at a flow-rate of 1.0 mL/min. The pressure of the carrier gas was 10.0 psi. Peak areas of the FID chromatogram signals were used to demonstrate the effect of parameters of the extraction and the efficiency of the extraction.

3.5 Solid Phase Extraction Procedure 

Firstly, Ti-CNPrTEOS sorbent (100 mg) was ground using a pestle and mortar and packed manually into an empty 3 mL SPE polypropylene tube with frits. The filled SPE cartridge was then placed in a 12-port SPE vacuum manifold from Thermo Fisher Scientific (Bellefonte, PA, USA) and conditioned by passing 10 mL deionized water, followed by 10 mL dichloromethane. The schematic diagram of SPE clean-up procedure is shown in Fig. 3.1. 
      [image: http://www.intechopen.com/source/html/40405/media/image1.jpeg]

                               Figure 3.1: Schematic diagram of SPE procedure

For optimization process, 10 mL of spiked (1 mg L−1 of each aromatic amines) in hexane was passed through the cartridge at a flow rate of 0.5 mL min−1. The sorbent material in the cartridge was not allowed to dry at any moment. After the sample loading, the SPE cartridge was dried by passing air for 30 min. Retained aromatic amines were eluted from the sorbent with 5 mL acetonitrile and injected to GC–FID for analysis. Blank sample analysis was also performed for comparison purposes. For Si-CN SPE and C18 SPE, 3 mL cartridges were used for extraction and a similar procedure as the Ti-CNPrTEOS SPE was followed.

Analyses of aromatic amines using commercial silica-cyanopropyl-SPE (Si-CN) and commercial C18-SPE were performed using the same procedure were performed as a comparison. For Si-CN, a 3 mL cartridge was used for extraction and a similar procedure as the Ti-CNPrTEOS SPE was followed.  The optimum SPE conditions for the C18 SPE sorbent are 10 mL sample loading, acetonitrile as the eluting solvent and 5 mL solvent volume used. C18 SPE was selected for comparison of extraction performance as it is often used in environmental analysis for sample enrichment of aromatic amines (EPA Method 1625, 1994 and EPA Method 8270B, 1994).

3.5.1 Optimization of Extraction Parameters and Practical Considerations

The parameters affecting the extraction recovery were optimized. Several important SPE optimization parameters namely pH of analytes, type of conditioning solvents,  volume of analytes, type of washing solvents, type of eluting solvents, and eluting solvent volumes were studied and evaluated. These effects were optimized using the classical one variable at a time (OVAT) methodology.

Adjustment of the pH can enhance extraction as dissociation equilibrium is affected together with the solubility of the acidic or basic target analytes. Apart from that, the adjustment of pH also influenced the stability of Ti-CNPrTEOS sorbent. Thus, in order to study the effect of pH on analytes and Ti-CNPrTEOS sorbent, the extractions were performed by changing the pH of analytes mixture one at a time from pH 4 to 9.

The selection of suitable conditioning solvents could enhance the wettability of the synthesized Ti-CNPrTEOS sorbent which could improve the reproducibility and analytes retention. In this study, solvents with different polarity namely, methanol, acetonitrile, tetrahydrofuran, toluene and dichloromethane were used. 

The determination of sample loading volume is important in order to determine the breakthrough volume of Ti-CNPrTEOS sorbent. A large sample loading volume is required to achieve high extraction efficiency. Thus, in this study different sample volumes in the range of 5-20 mL were used to determine the optimum sample loading volume. 

A washing solvent is necessary to eliminate impurities in Ti-CNPrTEOS. The selection of washing solvent should be carried out carefully as different solvents posses’ different strength. In this study, dichloromethane, tetrahydrofuran, toluene, acetonitrile, methanol and water were used to determine the optimum washing solvent. Despite washing with solvents, drying Ti-CNPrTEOS with air also was considered for this study. 

To elute the retained analytes in Ti-CNPrTEOS sorbent, a strong enough solvent was needed in order to displace all analytes. In this study, acetonitrile, tetrahydrofuran, methanol, toluene, hexane and dichloromethane were considered.

A minimum yet sufficient amount of elution solvent was needed in order to displace all of the retained analytes in Ti-CNPrTEOS sorbent. Therefore, the elution solvent with volumes in the range from 1 to 15 mL was used for this study.




3.6 Solid Phase Membrane Tip Extraction Procedures

	The preparation of Ti-CNPrTEOS sorbent was adopted as described in the literature (See et al., 2010). The SPMTE device consisted of home-made Ti-CNPrTEOS sorbent enclosed within Accurel Q3/2 polypropylene tubular membranes (Membrana, Wuppertal, Germany) with a wall thickness of 200 µm, pore size of 0.2 µm and an internal diameter of 600 µm attached to the end of 500 L HPLC syringe (Agilent, Santa Clara, USA).  The polypropylene hollow fiber membrane was sealed at one end and then cut into 3 cm length on the other end. A cone-tip medical needle attached with plastic syringe was used to introduce the Ti-CNPrTEOS sorbent (3 mg) into the lumen of polypropylene hollow fiber membrane via the remaining open end. Then, the hollow fiber polypropylene membrane was attached to the end of HPLC syringe prior to extraction as depicted in Fig. 3.2. 

To begin the extraction process, the hollow fiber polypropylene membrane was inserted into the sample vial. The whole fiber is totally immersed in the sample vial but above the magnetic stirrer bar, so that it would not be damaged during the stirring. During the extraction process, a dynamic extraction procedure was performed at every 5 min interval. At a constant low speed, a 100 L of aqueous sample was withdrawn into the lumen of hollow fiber using the HPLC syringe. The withdrawn aqueous sample was then released back into the sample vial after a dwelling time of 3 s also at constant low speed. This procedure was repeated for 5 times for each 5 min intervals until the end of the extraction time. After extraction, the hollow fiber polypropylene membrane was removed, dried with tissue and the opening end was sealed. Then, it was placed in a 2 mL bullet tube. The analytes were desorbed by ultrasonification in acetonitrile (200 L) and 1 L was injected into GC-FID.


         

Figure 3.2: Schematic diagram of SPMTE setup


3.6.1 Optimization of Extraction Parameters and Practical Considerations

The parameters affecting the extraction recovery of sTi-CNPrTEOS SPMTE were optimized. Several important Ti-CNPrTEOS SPMTE optimization parameters namely pH of analytes, selection of organic solvents, volume of analytes, extraction time, type of desorption solvents and desorption time were studied and evaluated. These effects were optimized using the classical one variable at a time (OVAT) methodology.

Similar to Ti-CNPrTEOS SPE, the determination of extraction pH is very crucial as the pH affected both the analytes and Ti-CNPrTEOS sorbent during the extraction. Thus, in this research, the sample pH in the range of 4-9 was evaluated. 

To increase the wettability of the hydrophobic hollow fiber polypropylene membrane used, the selection of organic solvent was used. The optimum solvent should be able to allow the analytes to penetrate the membrane directly to the Ti-CNPrTEOS sorbent protected in the lumen of the hollow fiber. Solvents with different polarities namely methanol, acetonitrile, hexane and dichloromethane were considered for this study.

The determination of sample volume is important in order to determine the loading capacity for the analytes to reach equilibrium with Ti-CNPrTEOS sorbent. Thus, in this study different sample volumes in the range of 5-20 mL were used to determine the optimum sample volume. 

Equilibrium is a time dependent process. In order for the analytes to reach equilibrium with Ti-CNPrTEOS sorbent, a time profile should be established. Thus, the extraction time from 5 to 40 min were studied.

After all the analytes were extracted onto Ti-CNPrTEOS sorbent, they were displaced from the sorbent by the desorption solvent. Solvent strength is the key factor to determine the optimum desorption solvent. In this study, dichloromethane, hexane, methanol and acetonitrile were used.

Finally, desorption time to desorb the analytes was carried out. This parameter is crucial as shorter desorption time results in lower peak area for extracted analytes. Thus, desorption time profile from 5 – 30 min were studied.

3.7 Analysis of Water Samples
3.7.1 Sampling and Pretreatment of Samples

Tap water was obtained from the laboratory, waste water samples were collected from food and beverage company waste water treatment plant in the industrial area in Selangor, Malaysia and nearby river in the industrial area in Johor, Malaysia. 1 L of water sample was taken from the upper 50 cm surface of the water using polyethylene buckets that had been pre-cleaned and rinsed with water samples. The water samples were filtered using 0.45 µm pore-size membrane filters (NALG, Belgium). Filtered samples were collected in pre-cleaned, high-density polyethylene bottles and acidified to pH 3 with concentrated H3PO4 (Merck, Belgium). Finally, the preserved samples were transported to the laboratory. The bottles are covered with aluminum foil and stored in the dark at −4°C until analysis.

3.7.2 Spike Sample
	
Spiking is a way to study the effects of matrices in the environment in an analytical method. Spiking was performed by adding a known amount of each aromatic amines to the sample solution. To assess the matrix effect, a known concentration of aromatic amines was spiked to the sample, and its concentration was later determined by the extraction method using Ti-CNPrTEOS sorbent. 

In order to assess the matrix effect, all the water samples were spiked with 0.1 µg L−1 for Ti-CNPrTEOS SPE sorbent and 10 µgL−1 for Si-CN and C18 sorbents to assess recovery (accuracy of proposed method). For Ti-CNPrTEOS SPMTE was spiked with 5 µg L-1. 

Peak area of each analytes obtained from the chromatogram was substituted into the calibration equation for each aromatic amine to obtain the concentration.

3.8 Method Validation 

Validation of an analytical methodology is very important to ascertain that the methodology developed to determine a specific analyte in a specific sample produces reliable results. The parameters determined in the validation process were limit of detection (LOD), limit of quantification (LOQ), accuracy, precision and enrichment factor.
3.8.1	Limit of Detection

Limit of detection (LOD) is usually defined as the smallest analyte concentration that can be detected with confidence using the method. LOD can be determined using the equation:

YLOD  =  a  + 3 Sy/x		                           (3.2)

where: 
YLOD	= the smallest concentration that can be detected
a	= blank signal (intercept from equation curve)

Sy/x	= standard deviation from blank signal = 
n	= number of standard

	= the peak area of each measurement

	= obtained by entering concentration into the regression equation

YLOD obtained can be entered into the calibration curve equation to give the limit of detection as x-axis in the equation.





3.8.2 Recovery

Recovery (R) shows the accuracy of extraction process. A perfect accuracy is obtained with a 100% recovery. This equation is given as (Ho et al., 2007):



			(3.3)


where:   
	

	= number of moles of analyte finally collected in the acceptor phase

	
   
	= number of moles of analyte originally present in the sample
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	= volume of acceptor solution

	

	= volume of sample

	

	=  the final concentration of analyte in the acceptor phase

	

	=  the initial analyte concentration in the sample


 
3.8.3 Precision

Precision is given by the reproducibility of measurements. It explains the deviation of the measurements done in triplicate. Precision is measured by the standard deviation (SD) given by;


					(3.4)

where:

      =  average
   x    =  result of every measurement
   n    = number of measurements (repeatability)
The relative standard deviation (RSD) is a measurement of precision and it is given by;


 (
(3.5)
)	















CHAPTER 4

RESULTS AND DISCUSSION


PART I: Preparation and characterization of new sol-gel titanium(IV) butoxide-cyanopropyltriethoxysilane hybrid sorbent for extraction of polar aromatic amines

4.1 Mechanism of Reactions

In the course of sol-gel processing, the sol-gel precursors undergo hydrolytic polycondensation reactions to form a colloidal system known as the sol, which ultimately gets converted into a three-dimensional liquid-filled network structure known as gel (Wang and Hu, 2005). In this study, titanium(IV) butoxide (Ti(OBu)4) was used as the sol-gel precursor and 3-cyanopropyltriethoxysilane (CNPrTEOS) acted as the sol-gel co-precursor. Ti(OBu)4 was chosen because it does not react too fast in water and can be handled without too much care (Mark et al., 1984). Tetrahydrofuran was used to dissolve the sol-gel ingredients. 

A series of reactions took place in the sol solution, resulting in the formation of the sol–gel Ti-CNPrTEOS sorbent. The initial reaction was the catalytic hydrolysis of Ti(OBu)4 as shown in Fig. 4.1(a). In the course of the hydrolytic reaction, the four carbon atoms were eliminated in order to form hydroxyl terminated titanium prior to condensation reaction. 
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Figure 4.1: (a) Catalytic hydrolysis of Ti(OBu)4, (b) Catalytic hydrolysis of 3-CNPrTEOS, (c) Growth of sol-gel Ti-CNPrTEOS chain via polycondensation reaction of hydrolyzed Ti(OBu)4 and CNPrTEOS.
Polycondensation of the hydrolyzed titanium produced a longer network as shown in Fig. 4.1 (b). Concurrently, CNPrTEOS also has undergone the similar reactions in order to obtain a chain of sol-gel active precursor.  Finally, patches of the sol–gel Ti-CNPrTEOS network grew by incorporating titanium components and highly polar cyano moeities in the organic-inorganic hybrid structure via polycondensation reactions and mixed together to form hybrid sorbent (Fig. 4.1 (c)). 

4.2 FTIR Analysis

After hydrolysis and polycondensation, the hybrid organic–inorganic Ti-CNPrTEOS was dried in the oven before ground into fine powder. The successful hybridization of the sorbent was verified by FT-IR as depicted in Fig. 4.2. The increased absorption in the bands from 500 to 1000 cm−1 of Ti-CNPrTEOS sorbent indicates the composite features of Si-OH, Ti-OH, Ti-O-Ti and Ti-O-Si species. In the FTIR spectra, the characteristic vibration of Ti-O-Si (944.86 cm−1) appeared, confirming the polycondensation between sol gel active titanium and silica compounds (Cazacu et al., 2010; Li et al., 2007). The main band at the frequency between 1050 cm-1 and 1150 cm-1 was due to the silica networks. The shoulder at 1200 cm-1 was attributed to the longitudinal optical component of high-frequency vibration of SiO2. The H-O-H bending vibration of water occurs at 1627 cm-1 (Nicoloan and Teichner, 1988). The existence of cyano (-CN) absorption band at 2247 cm-1 indicated that cyano moieties were available to participate in the extraction process. The cyano functional group provides a polar moiety and responsible to improve the selective extraction of polar aromatic amines through π-π interaction between the lone pair electron from cyano moieties and aromatic ring of aromatic amines. The methyl stretching band (C–H) appeared at 2,950 cm-1.
 (
(a)
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Figure 4.2: FTIR spectrum; (a) Pure CNPrTEOS, (b) Pure Ti(OBu)4, (c) sol gel Ti-CNPrTEOS



4.3     Thermogravimetric Analysis 

Results of thermogravimetric analysis of Ti-CNPrTEOS sorbent and pure CNPrTEOS in the 50 – 600°C temperature range in air are shown in Fig. 4.3. Pure CNPrTEOS exhibited lower thermal stability compared to Ti-CNPrTEOS sorbent which 
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Figure 4.3: TGA profiles; (a) Pure CNPrTEOS, (b) sol gel Ti-CNPrTEOS

was 260 and 410°C, respectively. These indicated that the hybridization with titanium component provides thermal stability enhancement compared to the pure CNPrTEOS. 

Based on the Ti-CNPrTEOS sorbent thermal degradation, two weight loss stages are observed, below 300°C and between 300 and 500°C, the latter one being a significant weight loss stage. The weight loss below 150°C could be due to the evaporation of small amount of adsorbed water and the volatilization and thermal decomposition of the remnant of organic solvents. Between 150 and 300°C, the weight loss could be attributed to the carbonization or the combustion of organic compounds. ie the loss of carbon, hydrogen and oxygen. Between 300 and 500°C, the weight losses could be probably ascribed to the further combustion of organic moieties  (Moner-Girona et al., 2003).  As there is no major weight loss afterwards, it can be considered that for the heated sample the organic groups have been completely burnt off.

The samples containing TiO2 yield a larger amount of residue during the thermo-oxidative decomposition than sample that contains only SiO2. It was previously shown (Ibrahim et al., 2011; Mackenzie and Bescher, 2003) that traces of organometallic catalyst favors depolymerisation with formation of volatile compounds and lowers the residue amount. Apart from that, some titanium linkages like Ti–O–R, Ti–OH, Ti–O–Ti could be formed during the sol-gel process. As the linkages are difficult to eliminate, the weight loss of Ti-CNPrTEOS was lowered. 




4.4 Surface Morphology of Ti-CNPrTEOS Sorbent 

	The morphology of sol–gel hybrid Ti-CNPrTEOS was investigated using field
emission- scanning electron microscope (FESEM) as depicted in Fig. 4.4. 
 (
(a)
(b)
)
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Figure 4.4: FESEM images; (a) magnification of 5.00K, (b) magnification of 15.00K
The pore size and surface area of blank Ti and Ti-CNPrTEOS sorbent are shown in Table 4.1. As we can observed, with the additional of CNPrTEOS reduced the pore size and surface area of the synthesized sorbent. This may be due to the fact that the formation of a porous mesostructure contributed by the cross-linking and self-condensation reaction which occurred during the process of CNPrTEOS chain bonded to the surface of Ti(OBu)4 particles through Ti-O-Si combination. A narrow pore size distribution with a mean pore size of Ti-CNPrTEOS sorbent is obtained from the BJH desorption method (Fig 4.5).


Table 4.1: BET pore size and surface area
	Sample
	Pore size (nm)
	Surface area (m2/g)

	Blank Ti
	47.1
	22.28

	Ti-CNPrTEOS
	15.9
	3.04




The N2 adsorption–desorption isotherms of the blank titanium precursor and synthesized Ti-CNPrTEOS materials exhibited typical IUPAC type IV pattern with the presence of H1 hysteresis loop as exemplified in Fig. 4.5 which indicates the formation of mesopores (Acosta-Silva et al., 2011). The modified mesoporous Ti-CNPrTEOS sorbent show hysteresis loops at intervals of lower relative pressures (0.4 < P/P0 < 0.7) due to a decrease in the size of the mesopores (pore size Ti(OBu)4 : 47.10 nm) by the presence of CNPrTEOS particles dispersed within the pores of Ti(OBu)4. 




Figure 4.5: N2 adsorption-desorption isotherm of Ti-CNPrTEOS and blank Ti


4.5 Optimization of Synthesis Conditions of Ti-CNPrTEOS Sorbent 

4.5.1 Selection of Solvents

As water and metal alkoxide are partially immiscible, additional solvent is needed to homogenize the mixture. Obtaining homogeneous Ti-CNPrTEOS hybrid sol is very important because it ensures reaction and hybridizations of sol components during sol–gel process. In this study, a few solvents namely, water, ethanol, chloroform and tetrahydrofuran (THF) were used. When water, ethanol or chloroform was added, inhomogeneous sol solution was observed, with white precipitates were clearly seen. However, when THF was added, transparent and homogenous gel was formed. Therefore, THF was used during the preparation of the gel.

4.5.2 Concentration of Acid Catalyst

The use of hydrochloric acid as catalyst provides opportunity to control hydrolysis and polycondensation processes during the sol gel reaction (Cazacu et al., 2010). In acidic medium, the local charge of titanium becomes more positive which enhance hydrolysis process. However, the protonated titanium  hinders the nucleophilics attack which retard the polycondensation process. Therefore, it is crucial to study the effect on acid catalyst concentration towards the extraction recovery of aromatic amines. 

In order to study the effect of HCl with the concentration of 0.7 M to 1.7 M, batch sorption method was carried out on the extraction of aromatic amines. As depicted in Fig. 

Figure 4.6: Effect of acid catalyst of 1:1 molar ratio Ti(OBu)4:CNPrTEOS on the extraction efficiency of aromatic amines. Extraction conditions: 10 mg of Ti-CNPrTEOS sorbent, 10 mL of 10 mg L−1 aromatic amines mixture and 15 min extraction time. Sol–gel synthesis condition: THF as solvent, 4 moles of water content, 1:1 molar ratio Ti(OBu)4:CNPrTEOS and aging temperature of 50°C for 24h. 

4.6, as the concentration of HCl increased, the extraction recovery also increased. This may be because acids protonated negatively charged titanium alkoxide to become a better leaving group in order to allow more hydrolyzed CNPrTEOS to be attached to the titanium backbone (Mennig and Aegerter, 2004). 

 However, further increment to 1.7 M reduced the extraction recovery of aromatic amines. At lower acidic pH (1.7 M of HCl), the gelation time was accelerated. At this point, even though the hydrolysis of titanium precursor was promoted and the polycondensation of hydrolyzed titanium and silica precursors was retarded during the sol gel process thus reduced the extraction efficiency. Therefore, 1.2 M of HCl concentration was chosen throughout the study. 

4.5.3 Water Content

Hydrolysis of metal alkoxides is a versatile technique which can produce different materials according to different parameters. The critical point is the metal alkoxide and water ratio. According to Nicolaon and Teichner (1968), the molar ratio of H2O:Ti(OR)4 in the sol should be at least 2:1 to approach complete hydrolysis of the alkoxide and the water quantity should be 2–5-times the stoichiometric proportion.

In this study, in order to investigate the effect of water contents, the mole ratio of water was varied from 1 – 8 while the ratio of Ti(OBu)4 and CNPrTEOS was remain 1:1. Fig 4.7 depicted that the additional of 4 molar of water produced the highest recovery for all aromatic amines. This may be because, higher water molecules increased the hydrolysis rate which provides more Ti-OH active sites ready to be attached with CNPrTEOS (Mennig and Aegerter, 2004). Thus, the extraction recovery of the polar aromatic amines


Fig 4.7: Effect of water content of 1:1 molar ratio Ti(OBu)4:CNPrTEOS on the recovery of aromatic amines. Extraction conditions: 10 mg of Ti-CNPrTEOS sorbent, 10 mL of 10 mg L-1  aromatic amines mixture and 15 min extraction time. Sol–gel synthesis condition: THF as solvent, 1.2 M of HCl catalyst, 1:1 mol ratio Ti(OBu)4:CNPrTEOS and aging temperature of 50°C for 24h. 

increased as more cyano moieties present in the sorbent. Apart from that, according to Moner-Girona et al. (2003), the ratio of water/TMOS affects the size of silica aerogel microparticles and found that higher ratios give smaller particles. Therefore, it provided a larger surface area for extraction which contributed to higher extraction recovery.

	Titanium precursor undergoes rapid hydrolysis reaction with the presence of water. For that reason, as the water ratios were increased to 8, the chemical reactions were accelerated and the gelation time decreased. The hydrolysis and condensation process may be retarded, thus decreasing the extraction recovery of the analytes. Throughout the study, the molar ratio of water was kept constant at 4. 

4.5.4 Ratio Study 

The successfulness of the hydrolysis-condensation processes depends on the quantitative ratio of alkoxy groups in the sol-gel initial system with respect of solvent and concentration of other ingredients (Mackenzie and Bescher, 2003; Moner-Girona et al., 2003). The investigation of the molar ratio effect on the Ti-CNPrTEOS sorbent was carried out in different ratio of Ti(OBu)4:CNPrTEOS (1:0.5, 1:1, 1:2, 1:3 and 1:4). Even though the higher concentration of titanium precursor was expected to strengthen the gel skeleton, Ti(OBu)4 precursor was kept at 1 mol in order to control the gelation as more concentrated system will increased the reactivity of sol-gel system (Segro et al., 2009). 

With the addition of more CNPrTEOS to the reaction, the siloxane network lengthened which delayed the gelation time (Ibrahim et al., 2011). In this study, the  



Table 4.2: CHN elemental analysis of Ti-CNPrTEOS

	Ratio
	Elements (%)

	
	C
	H
	N

	1:0.5
	14.952
	3.3265
	3.9171

	1:1
	20.617
	3.4851
	5.633

	1:2
	27.217
	4.2535
	7.7112

	1:3
	30.146
	4.3947
	8.3153

	1:4
	31.833
	4.5461
	8.8495




presence of carbon, hydrogen and nitrogen is crucial in order to indicate the maximum molar of CNPrTEOS that could be attached to the Ti(OBu)4. Based on CHN elemental analysis (Table 4.2), when more CNPrTEOS was added, the percentage of carbon, hydrogen and nitrogen increased which caused the nature of the sorbent to be more hydrophobic (Ibrahim et al., 2011). The effect of different ratio of Ti(OBu)4:CNPrTEOS on extraction recovery were also studied as depicted on Fig 4.8. The sol–gel hybrid material of molar ratio 1:1 exhibited the highest ability to extract the polar aromatic amine. The hydrophobic nature reduced the ability of Ti-CNPrTEOS sorbent to extract the polar aromatic amines when more CNPrTEOS were added. Therefore, 1:1 molar ratio was selected as the best composition as it provides the highest extraction recoveries and the shortest gelation time. 
 (
           1:0.5              1:1                 1:2                1:3                1:4
)
Figure 4.8: Effect of molar ratio Ti(OBu)4:CNPrTEOS on the recovery of aromatic amines. Extraction conditions: 10 mg of Ti-CNPrTEOS sorbent, 10 mL of 10 mg L-1 aromatic amines mixture and 15 min extraction time. Sol–gel synthesis condition: THF as solvent, 1.2 M of HCl catalyst, 4 moles of water content and aging temperature of 50°C for 24h. 

4.5.5 Aging Temperature

After the gelation at room temperature, the wet gel was aged at a selected temperature ranging from 50°C to 100°C for 24h. As depicted in Fig 4.9, an increase in 

Figure 4.9: Effect of aging temperature on the recovery of aromatic amines. Extraction conditions: 10 mg of Ti-CNPrTEOS sorbent, 10 mL of 10 mg L-1  aromatic amines mixture and 15 min extraction time. Sol–gel synthesis condition: THF as solvent, 1.2 M of HCl catalyst, 1:1 molar ratio Ti(OBu)4:CNPrTEOS and 4 moles of water content. 

aging temperature leads to an increase of extraction recovery of selected aromatic amines. Aging at lower temperature results in incomplete condensation of hydroxyl groups (Segro et al., 2009). 
However, as the aging temperature was higher than 60°C, the Ti-CNPrTEOS as the sol gel hybrid sorbent begins to lose its ability to adsorb analytes. It can be seen by the decreased in analytes extraction recovery. This happened may be because the sorbent cannot withstand high temperature thus collapsing the three- dimensional networks. As the networks collapsed, the extraction recovery of aromatic amines lowered. Throughout the experiments, the aging temperature was set at 60°C.

4.7 	Conclusions

The Ti-CNPrTEOS sorbent was successfully synthesized via sol–gel technique with Ti(OBu)4 which was used as the sol-gel precursor and CNPrTEOS acted as the sol-gel co-precursor and HCl as acid catalyst. Sol-gel synthesis parameters affecting the extraction performance of the sorbent produced was optimized as follows: THF as solvent, 4 mol of water content and aging temperature of 60°C for 24h. The new sol–gel sorbent with composition of 1:1 molar ratio Ti(OBu)4:CNPrTEOS showed the highest extraction performance towards the selected aromatic amines using batch sorption extraction.  

The optimized Ti-CNPrTEOS sorbent was physically characterized using FTIR, BET, FESEM and TGA. In the FTIR spectra, the appearance of characteristic vibration of Ti-O-Si (944.86 cm−1) confirming the polycondensation between sol–gel-active titanium and silica precusors. The main band at the frequency between 1050 cm-1 and 1150 cm-1 was due to the silica networks. Absorption band at 2247 cm-1 confirmed the existence of cyano (-CN) which showed that cyano moieties were available to participate in the extraction process. The methyl stretching band (C–H) appeared at 2,950 cm-1.  Based on BET results, the additional of CNPrTEOS reduced the pore size and surface area of the synthesized sorbent which contributed by the cross-linking and self-condensation reaction occurred during the process of CNPrTEOS chain bonded to the surface of Ti(OBu)4 particles through Ti-O-Si combination. In TGA result, hydrolyzed CNPrTEOS exhibited lower thermal stability compared to Ti-CNPrTEOS sorbent which was 270 and 400°C, respectively. These indicated that the hybrid formation from the effective condensation with titanium component provides thermal stability enhancement compared to the pure CNPrTEOS. The sol–gel Ti-CNPrTEOS material formed a porous mesostructure contributed by the cross-linking and self-condensation reaction occurred during the process of CNPrTEOS chain bonded to the surface of Ti(OBu)4 particles through Ti-O-Si combination.

















CHAPTER 5

RESULTS AND DISCUSSION


Part II: Optimization of solid phase extraction for the determination of polar aromatic amines using new sol-gel titanium (IV) butoxide-cyanopropyltriethoxysilane sorbent

5.1 Optimization of Solid Phase Extraction Parameters
5.1.1 Sample pH

As the solubility of the acidic/basic target analytes is affected together with dissociation equilibrium, an adjustment of the pH can enhance the extraction (See et al., 2010). In the present study, the extractions were performed under different pH conditions ranging from pH 4 to 9 (Fig. 5.1). An increase of extraction recovery was observed when the pH was increased from 2 to 6 and the response remained constant or slightly decreased across pH range of 7-9. 


Figure 5.1: Effect of pH of analytes mixture on the recovery of aromatic amines. Extraction conditions: toluene as conditioning solvent, 5 mL sample loading volume, acetonitrile as the eluting solvent and 10 mL of elution solvent.


According to Li and co-workers, titanium represents anion-exchange properties at acidic pH and cation-exchange properties at alkaline pH (Li et al., 2007). Therefore, at acidic pH of 2-6, titanium presented as Ti4+. The extraction recovery increased from 2 to 5. At pH 2, the extraction recovery was low as aromatic amines were protonated. The repulsion of Ti4+ and protonated aromatic amines lowered the extraction recovery. At pH greater than 2, aromatic amines began to formed neutral species (Yu et al., 2003). At pH 6- 7, the extraction recovery showed highest extraction recovery. This may be because aromatic amines started  to deprotonate and could be extracted by Ti-CNPrTEOS sorbent through π-π interactions and electrostatic interaction between negatively charged aromatic amines and positively charged titanium. At basic pH 8-9, titanium started to deprotonated.  At this point, the repulsion of negatively charged analytes and Ti4- caused the extraction recovery to decrease. Therefore, pH 7 was chosen for the subsequent analysis. 

5.1.2 Conditioning Solvents 

The conditioning step is a critical factor in order to improve the reproducibility of the analytes retention and reduced sorbent impurities prior to extraction process (Poole et al., 2000). The selection of organic solvent to enhance the wettability of sorbent was performed using methanol, acetonitrile, tetrahydrofuran, toluene, and dichloromethane (Fig. 5.2). It was found that conditioning the sorbent with non-immiscible solvents such toluene and dichloromethane gave higher extraction recoveries compared to other solvents. As the sample solvent also non-immiscible (hexane), the results obtained were parallel as reported by Poole et al where the same nature of sample solvent and conditioning solvent is the key for high recovery (Poole et al., 2000). Dichloromethane showed the highest extraction recovery. Thus, dichloromethane was chosen as the optimum conditioning solvent.



Figure 5.2: Effect of conditioning solvent on the recovery of aromatic amines. Extraction conditions: sample at pH 7, 5 mL sample loading volume, dichloromethane as washing solvent, acetonitrile as the eluting solvent and 10 mL of elution solvent.

5.1.3 Sample Loading Volume

In order to determine the loading capacity and overall time required to reach equilibrium (by the sorbent with analytes), sample loading volume plays an important role. 

Figure 5.3: Effect of sample loading volume on the recovery of aromatic amines. Extraction conditions: sample at pH 7, dichloromethane as conditioning solvent, dichloromethane as washing solvent, acetonitrile as the eluting solvent and 10 mL of elution solvent.

To obtain the highest sensitivity and sample enrichment, as large as possible sample volume is necessary. The sample size is governed by the breakthrough volume of the sorbent. Four different sample volumes (5-20 mL) were examined at a flow rate of 0.5 mL min−1. Increasing sample volume increased the recovery of aromatic amines extracted. However, beyond 10 mL the recovery of aromatic amines extracted started to decrease significantly probably due to the sorbent breakthrough being exceeded. Thus, 10 mL was selected as the optimum sample volume (Fig. 5.3).

5.1.4 Washing Solvents

	After the sample was loaded into the cartridges, the Ti-CNPrTEOS sorbent was rinsed with solvent to displace undesired matrix components without displacing the analytes. The selection of the type of solvents were crucial as strong solvent will wash the analytes together with the solvents meanwhile weak solvent will not displacing the matrix components. Several solvents with different strengths have been chosen in this study to assess the effect of washing solvent on SPE. As shown in Fig 5.4, when polar solvents were used to wash the sorbent, low extraction recoveries were obtained. This may be because with the solvent strength between 0.48-0.73 ɛ°, the aromatic amines retained during sample
loading were displaced by the solvents. When weaker solvents such as toluene and dichloromethane (elution strength of 0.22 and 0.32 ɛ° respectively) were used, the extraction recoveries increased. 

As the study showed that a weak solvent could sufficiently wash the sorbent, this indicated that the matrix components did not interfered the extraction (Poole et al., 2000). Thus, a drying step was introduced prior to the elution step. The purpose of the drying step is to reduce the volume of solvent retained in the sorbent after the sample loading step. During this step, the sorbent was flowed with air for 30 min which considerably sufficient to remove all sample solvent that was trapped in the sorbent pores (Ibrahim et al., 2012). As expected, the extraction recoveries obtained were much higher compared washing the sorbent with solvents. Thus, the drying step was used throughout the subsequent analysis. 



Figure 5.4: Effect of washing solvent on the recovery of aromatic amines. Extraction conditions: sample at pH 7, dichloromethane as conditioning solvent, 10 mL sample loading volume and 10 mL of elution solvent.

5.1.5 Elution Solvents

Elution step is crucial to elute analytes that have been retained in the sorbent. Six eluting solvents of different polarities namely acetonitrile, tetrahydrofuran, methanol, toluene, hexane and dichloromethane were investigated to determine the best eluting solvent. The solvents used should be a strong solvent that able to displace all analytes from 
Figure 5.5: Effect of eluting solvent on the recovery of aromatic amines. Extraction conditions: sample at pH 7, dichloromethane as conditioning solvent, drying for 30 min, 10 mL sample loading volume and 10 mL of elution solvent.
the sorbent in a small volume (Poole et al., 2000). In that case, polar solvents (methanol, acetonitrile and tetrahydrofuran) were the best candidates as the solvent strengths are higher compared to non-polar solvents (toluene, hexane and dichloromethane).  

The results indicated that acetonitrile was the most effective eluent and thus selected as it gave the highest recovery for all of the aromatic amines studied (Fig. 5.5).

5.1.6 Volume of Elution Solvent 

To ensure all retained analytes were eluted from the sorbent with a minimum yet sufficient volume, elution solvent volume from 1 to 15 mL were investigated. As the elution solvent volume increased from 1 mL to 5 mL, the recovery of aromatic amines extracted increased. The highest recoveries for the aromatic amines were obtained when 5 mL of eluting solvent were used (Fig. 5.6). Thus, 5 mL acetonitrile was selected as the optimum eluent volume 



Figure 5.6: Effect of eluting solvent volume on the recovery of aromatic amines. Extraction conditions: sample at pH 7, dichloromethane as conditioning solvent, drying for 30 min, 10 mL sample loading volume, acetonitrile as the eluting solvent. 

5.2 Method Validation 

Based on the results, the optimized parameters obtained for the extraction of aromatic amines using sol–gel Ti-CNPrTEOS were sample at pH 7, dichloromethane as conditioning solvent, 10 mL sample loading volume, acetonitrile as the eluting solvent and 5 mL of elution solvent used. The optimized results were used for SPE with Si-CN sorbent. Optimum SPE conditions for the C18 SPE sorbent are 10 mL sample loading and 5 mL acetonitrile as the eluting solvent.

The applicability of the proposed SPE method was validated using the sol–gel Ti-CNPrTEOS sorbent, linearity, limit of detection (LOD) and limit of quantification (LOQ) for Ti-CNPrTEOS SPE sorbent, Si-CN SPE sorbent and commercial C18 SPE sorbent were assessed using the optimum extraction conditions. The linearity of the extraction technique was studied at 5 different concentration levels of aromatic amines in the range for Ti-CNPrTEOS SPE sorbent (0.01-10 µg L-1), Si-CN SPE sorbent (0.5-50 µg L-1), C18 SPE sorbent (0.5-50 µg L-1). Different ranges were used for each sorbent depending on their sensitivity towards aromatic amines. 

Table 5.1 shows that good linearities were obtained for both SPE extractions using all three sorbents with coefficient of determination, R2 > 0.9992. The LOD and LOQ achieved by sol–gel Ti-CNPrTEOS sorbent were absolutely superior compared to the LOD and LOQ for Si-CN and C18 sorbent (Table 5.1). All three SPE sorbent cartridges were found practically reusable for all the extractions performed.






Table 5.1: Qualitative data comparisons between sol–gel Ti-CNPrTEOS SPE, Si-CN SPE and C18 SPE: linearity, repeatability (% RSD, n = 5), limit of detection and limit of quantification of aromatic amines.
 
	Analytes 
	Ti-CNPrTEOS SPE
	
	Si-CN SPE
	
	C18 SPE

	
	Correlation coefficient (R2)
	RSD %
	LOD (µgL-1)
	LOQ (µgL-1)
	
	Correlation coefficient (R2)
	RSD %
	LOD  (µgL-1)
	LOQ (µgL-1)
	
	Correlation coefficient (R2)
	RSD %
	LOD (µgL-1)
	LOQ (µgL-1)

	Aniline
	0.9996
	2.6
	0.01
	0.03
	
	0.9997
	4.3
	0.33
	1.56
	
	0.9995
	3.5
	0.98
	1.96

	m-toluidine
	0.9995
	2.5
	0.02
	0.05
	
	0.9994
	3.5
	0.49
	1.68
	
	0.9993
	4.4
	0.59
	1.87

	Dimethylaniline
	0.9993
	3.6
	0.02
	0.05
	
	0.9992
	4.4
	0.38
	1.97
	
	0.9997
	4.3
	0.49
	1.93

	Diethylaniline
	0.9997
	3.1
	0.20
	0.61
	
	0.9995
	3.1
	1.50
	2.36
	
	0.9996
	3.8
	0.37
	2.56

	4-ethylaniline
	0.9996
	2.6
	0.01
	0.02
	
	0.9997
	4.6
	0.61
	1.96
	
	0.9993
	2.8
	0.50
	2.73

	Ethylaniline
	0.9995
	3.5
	0.10
	0.21
	
	0.9998
	3.6
	0.25
	3.59
	
	0.9999
	4.1
	0.41
	2.87



a Linearity ranges: Ti-CNPrTEOS (0.01-10 µgL-1), Si-CN (0.5-50 µgL-1), C18 (0.5-50 µgL-1)
 b LOD: S/N = 3.
c LOQ: S/N = 10
5.3 
5.4 Real Sample Analysis

The proposed method using the sol–gel Ti-CNPrTEOS SPE sorbent was applied to the analysis of waste water, river water and tap water samples. None of the target analytes were detected in these water samples under the experimental conditions described. In order to assess the matrix effect, all the water samples were spiked with 0.1 µg L−1 for Ti-CNPrTEOS SPE sorbent and 10 µg L−1 for Si-CN and C18 sorbents to assess recovery (accuracy of proposed method). Analyses of a blank sample were performed for comparison purposes. 

Table 5.2 shows the comparison of recovery and precision (repeatabilities and reproducibilities) obtained using sol–gel Ti-CNPrTEOS SPE sorbent, Si-CN SPE sorbent and C18-SPE sorbent, respectively for river water sample. The recoveries and repeatability obtained from water samples using the sol–gel Ti-CNPrTEOS SPE sorbent were 57–99% and RSDs 1–4%, n = 5, Si-CN SPE sorbent were 55-97% and RSDs 4-8% while the recoveries and repeatability for the C18 SPE sorbent were 86–92%, and 4–8%, n = 5, respectively. The lowest recovery of non-polar DEA using Ti-CNPrTEOS SPE sorbent indicated that the sorbent was very selective towards the extraction of polar aromatic amines. Fig. 5.7(A) and (B) show the chromatogram of blank analysis and spiked waste water, river water and tap water respectively using Ti-CNPrTEOS SPE sorbent. 
 (
(a)
(b)
(c)
(d)
(e)
(f)
)
Figure 5.7: Chromatograms of Ti-CNPrTEOS SPE; (a) blank waste water, (b) spiked waste water (c) blank river water, (d) spiked river water, (e) blank tap water, (f) spiked tap water. Peaks: 1. Aniline; 2. m-toluidine; 3. N,N-dimethylaniline; 4. N,N-diethylaniline; 5. 4-ethylaniline; 6. Ethylaniline. 

Table 5.2: Percentage recovery and % RSD (n = 5) for spiked aromatic amines from river water, waste water and tap water samples using developed sol–gel Ti-CNPrTEOS SPE, Si-CN SPE and C18 SPE method with GC–FID analysis.
	Aromatic amines
	Ti-CNPrTEOS SPE
Recovery (±RSD%, n = 5)
	
	Si-CN SPE
Recovery (±RSD%, n = 5)
	
	C18 SPE
Recovery (±RSD%, n = 5)

	
	River water
	Waste water
	Tap water
	
	River water
	Waste water
	Tap water
	
	River water
	Waste water
	Tap water

	Aniline
	99 (4)
	98(4)
	98(2)
	
	92 (6)
	91(7)
	95(6)
	
	89 (7)
	88(8)
	90(7)

	m-toluidine
	97 (3)
	96(4)
	97(2)
	
	94 (7)
	94(6)
	96(6)
	
	88 (8)
	88(7)
	91(7)

	Dimethylaniline
	96 (3)
	95(3)
	98(2)
	
	92 (6)
	95(6)
	94(5)
	
	90 (6)
	91(7)
	90(5)

	Diethylaniline
	67 (4)
	57(4)
	69(1)
	
	60 (7)
	55(8)
	70(6)
	
	86 (8)
	87(8)
	89(7)

	4-ethylaniline
	98 (4)
	97(3)
	96(2)
	
	93 (6)
	95(6)
	97(5)
	
	88 (7)
	86(7)
	90(6)

	Ethylaniline
	98 (1)
	96(1)
	99(2)
	
	93 (4)
	92(5)
	96(5)
	
	88 (4)
	83(6)
	92(6)



a Spiking level of : Ti-CNPrTEOS (0.1 µgL-1), Si-CN (10 µgL-1), C18 (10 µgL-1) 
5.5 Conclusions

Ti-CNPrTEOS has been successfully prepared via sol-gel technique and used as SPE sorbent prior to the analysis of GC-FID for determination selected aromatic amines. The SPE parameters affecting the extraction recovery have been optimized as follow: sample at pH 7, dichloromethane as conditioning solvent, 10 mL sample loading volume, acetonitrile as the eluting solvent and 5 mL volume used. The limit of detection (LOD) and limit of quantification (LOQ) for solid phase extraction using Ti-CNPrTEOS SPE sorbent (0.01–0.2; 0.03-0.61 µgL-1) were lower compared with those achieved using Si-CN SPE sorbent (0.25-1.50; 1.96-3.59 µgL-1) and C18 SPE sorbent (0.37-0.97; 1.87-2.73 µgL-1) with higher selectivity towards the extraction of polar aromatic amines. Due to the polar selectivity via π-π interaction between polar aromatic amines with cyano moieties and electrostatic interaction of Ti-CNPrTEOS sorbent demonstrated higher extraction capability than that of commercial Si-CN sorbent, especially to the polar aromatic amines. The application of the Ti-CNPrTEOS SPE sorbent was successfully carried out by analysis of aromatic amines in river water, waste water and tap water samples. 



CHAPTER 6

RESULTS AND DISCUSSION


Part III: The application of newly synthesized sol-gel titanium(IV) butoxide-cyanopropyltriethoxysilane as solid phase membrane tip protected sorbent. 

6.1 Optimization of Solid Phase Membrane Tip Extraction Parameters
6.1.1 Sample pH 
	
	The pH of the solution was one of the key factors that drastically influenced the extraction efficiency. As SPMTE used the same TI-CNPrTEOS as sorbent and aromatic amines as analytes, the result obtained was similar with Ti-CNPrTEOS SPE in section 5.1.1. 

	Most of aromatic amines present with pKa in the range of 4.60 – 6.57. As the solubility of the acidic/basic target analytes is affected together with dissociation equilibrium, an adjustment of the pH can enhance the extraction (See et al., 2010). In the present study, the extractions were performed under different pH conditions ranging from pH 4 to 9 (Fig. 6.1).  It was found that the highest peak areas were achieved for most of the aromatic amines when the sample solution was adjusted to pH 7. These may be attributed to the deprotonation of aromatic amines and possible extraction by Ti-CNPrTEOS sorbent 
through π-π interactions and electrostatic interaction between negatively charged aromatic amines and positively charged titanium.


Figure 6.1: Effect of pH on SPMTE. Extraction conditions: 1µg L-1 of spiked solution; sample volume: 10 mL; organic solvent : methanol; extraction time: 10 min; desorption time: 15 min; desorption solvent: 200 µL of acetonitrile; no adjustment of sample pH and salt.
Meanwhile, at acidic pH of 4 – 6, the responses were increased.  According to Li and co-workers, titanium represents anion-exchange properties at acidic pH and cation-exchange properties at alkaline pH (Li et al., 2007). Therefore, at acidic pH of 4-6, titanium presented as Ti4+ and aromatic amines began to formed neutral species (Yu et al., 2003). At basic pH 8-9, titanium started to deprotonate.  At this point, the repulsion of negatively charged analytes and Ti4- caused the extraction recovery to decrease. Therefore, pH 7 was chosen for the subsequent analysis. 

6.1.2 Conditioning Solvent 
	
Since the polypropylene hollow fiber membranes are hydrophobic in nature, a suitable organic solvent is required to increase the wettability of the SPMTE device and activate Ti-CNPrTEOS sorbent. Therefore, the selection of conditioning is very important in SPMTE. In this study, several solvents namely; methanol, acetonitrile, hexane and dichloromethane were used. The SPMTE device was immersed in various solvents for 2 min and then excess solvent was removed by tissue. 

As depicted in Fig 6.2, conditioning the SPMTE device with acetonitrile gave the highest peak area. When polar solvents (methanol and acetonitrile) with the polarity index of 5.1 and 5.8 respectively were used to condition Ti-CNPrTEOS sorbent, high peak areas were obtained compared to non-polar solvents (hexane and dichloromethane) with polarity index of 0 and 3.1 respectively. This might be due to the highest polarity of acetonitrile that can activate Ti-CNPrTEOS sorbent and ensure reproducible retention of the analytes during the extraction process (Kamaruzaman et al., 2013). Thus, acetonitrile was chosen for the subsequent analysis. 

Figure 6.2: Effect of organic solvent on SPMTE. Extraction conditions: 1µg L-1 of spiked solution; 15 mL of sample at pH 7; extraction time: 10 min; desorption time: 15 min; desorption solvent: 200 µL of acetonitrile.

6.1.3 Sample Volume

In order to determine the loading capacity for the analytes to reach equilibrium with Ti-CNPrTEOS sorbent, sample volumes of SPMTE device were evaluated. As large as possible sample volume is necessary to obtain the highest sensitivity and sample enrichment. The effect of sample volume was also studied in order to achieve better extraction efficiency and high preconcentration factor with shorter operational time (Kamaruzaman et al., 2013). Five different sample volumes (5 – 20 mL) spiked with 1 g L-1 of sample solution were studied. 

As depicted in Fig 6.3, poor peak areas obtained when low sample volume was used. The highest extraction efficiency was observed when 15 mL sample volume was used. Slight decreased of peak area response was noted when larger sample volume (20 mL) was applied in the extraction. This phenomenon might be due to the saturation of the Ti-CNPrTEOS sorbent (~3 mg) capacity for a large sample volume, or a longer extraction time is required for a larger sample volume to reach equilibrium (Pichon, 2000).

6.1.4 Extraction Time

SPMTE is not an exhaustive process. As equilibrium was attained only after certain period of time, mass transfer that became a time dependent process. Therefore, it is important to establish the extraction time profile in order to configure the time after the equilibrium was attained for the target analytes. The adsorption profile of the aromatic 

Figure 6.3: Effect of sample volume on SPMTE.  Extraction conditions: 1µg L-1of spiked solution; sample pH 7; organic solvent: methanol; extraction time: 10 min; desorption time: 15 min; desorption solvent: 200 µL of acetonitrile. 

amines on the SPMTE was determined by extracting the analytes for 5–40 min. The highest extraction was achieved at 15 min (Fig. 6.4). Slight decreased of peak area response was observed when longer exposure times are applied. This might probably be due to the back-extraction of analytes from Ti-CNPrTEOS sorbent into sample solution. Hence, 15 min was chosen as the optimum extraction time.

 
Figure 6.4: Effect of extraction time on SPMTE. Extraction conditions: 1µg/L of spiked solution; sample pH 7; sample volume: 15 mL; organic solvent: methanol; desorption time: 15 min; desorption solvent: 200 µL of acetonitrile.



6.1.5 Desorption Solvents 

The key factor that affects the ultimate fate of substances in solid is desorption step under ultrasonification. The analytes were desorbed from the Ti-CNPrTEOS sorbent using organic solvents after the extraction has reached its equilibrium. Several considerations were made including the polarity of the solvents, solubility of analytes and compatibility of the analytical instruments.

In this study, organic solvents such as methanol, acetonitrile, dichloromethane and hexane were evaluated. Similar to section 6.1.2, due to the targeted analytes were polar aromatic amines, polar desorption solvents should provide a better result compared to non-polar solvent. As shown in Fig 6.5, when polar solvents (methanol and acetonitrile) with the polarity index of 5.1 and 5.8 respectively were used to condition Ti-CNPrTEOS sorbent, high peak areas were obtained against the non-polar solvents (hexane and dichloromethane) with polarity index of 0 and 3.1 respectively.

Acetonitrile gave the highest peak area response and sharper chromatographic target analyte peaks as it is the most the polar solvents studied. Therefore, acetonitrile was used for the subsequent analysis. 

Figure 6.5: Effect of desorption solvent on SPMTE.  Extraction conditions: 1µg L-1 of spiked solution; sample pH 7; sample volume: 15 mL; organic solvent: methanol; extraction time : 15 min; desorption time: 15 min; desorption solvent: 200 µL.


6.1.6 Desorption Time 

Desorption volume of 200 L was used as this was the minimum but yet sufficient amount that allow the SPMTE device to be fully immersed in the solvent and desorbed the analytes to obtain high peak areas. Along with this parameter, desorption times in the range of 5-30 min were evaluated. Based on the result depicted in Fig 6.6, the highest peak area responses obtained at desorption time of 15 min. As there was no significant increment when longer desorption times were applied, 15 min was chosen for the subsequent analysis. 
. 
Figure 6.6: Effect of desorption time on SPMTE. Extraction conditions: 1µg L-1 of spiked solution; sample pH 7; sample volume: 15 mL; organic solvent: methanol; extraction time : 15 min; desorption solvent: 200 µL of acetonitrile.
6.2 Method Validation

	Based on the results, the optimum parameters for the extraction of aromatic amines using sol-gel Ti-CNPrTEOS SPMTE device were 15 mL of sample at pH 7, acetonitrile as conditioning and desorption organic solvent, extraction time of 15 min and desorption time of 15 min. The applicability of the proposed sol–gel Ti-CNPrTEOS SPMTE method was validated by assessing the linearity, limit of detection (LOD) and limit of quantification (LOQ) for both Ti-CNPrTEOS SPMTE and C18-SPE sorbent using the optimum extraction conditions and the results were listed in Table 6.1.

	As can be seen, good linearities were obtained for both Ti-CNPrTEOS SPMTE and C18-SPE with correlation coefficients of > 0.993 (0.01 – 10 g L-1) and > 0.9993 (0.5-50 g L-1), respectively. The LOD and LOQ for Ti-CNPrTEOS SPMTE (0.13 – 6.23 ng L-1; 0.53 – 5.67 ng L-1) were lower compared with those achieved by C18-SPE (0.37 - 0.98 g L-1 ; 1.54-2.56 g L-1). The RSDs for Ti-CNPrTEOS SPMTE were generally acceptable (2.5 – 5.6 %).

The LOD obtained from Ti-CNPrTEOS SPMTE were lower compared to C18 SPE, indicating that the non-exhaustive extraction of analytes by Ti-CNPrTEOS SPMTE leading to higher pre-concentration factors. Ti-CNPrTEOS SPMTE method was proven to be more precise to extract polar aromatic amines and avoided the multi-steps in extraction, lower the organic solvent consumption and shorten the extraction time needed. The small pore size of the membrane for Ti-CNPrTEOS SPMTE device functions as a cleanup filter that prevents large molecules and particles present in river water from interfering with the extraction. 	
When compared to the previous studies, the LOD obtained using multiwall carbon nanotubes SPMTE (See et al., 2010) and mesoporous silica material, MCM-41 (Kamaruzaman et al., 2013) were lower compared to C18 SPE which contradicted with the LOD obtained using Ti-CNPrTEOS SPMTE. This indicated that Ti-CNPrTEOS sorbent was proven to be more selective to extract aromatic amines. 

6.3 Real Sample Analysis

The proposed method using the sol–gel Ti-CNPrTEOS SPMTE and C18-SPE were applied to the analysis of river water samples. As depicted in Fig 6.7, none of the target analytes were detected in the river water samples under the optimum conditions described for Ti-CNPrTEOS SPMTE and C18 SPE. In order to study the matrix effect, Ti-CNPrTEOS SPMTE and C18-SPE were spiked with 5 g L--1 to assess recovery (accuracy of proposed method). Analyses of a blank sample were performed for comparison purposes. 

Table 6.2 shows the comparison of recovery and precision (repeatabilities and reproducibilities) obtained using sol–gel Ti-CNPrTEOS SPMTE sorbent and C18-SPE sorbent, respectively for river water sample. Similar to other microextraction methods, good accuracy of the results can be obtained easily with a spiked real sample calibration for analytical quantification (Basheer et al., 2009). The C18-SPE gave the relative recoveries in the range of 86-90% with RSD values between 4-8%. On the other hand, Ti-CNPrTEOS SPMTE achieved the relative recoveries of 49 - 99 % for aromatic amines with RSD values in the range of 1 - 4 %  while the recoveries and repeatability for the C18 SPE sorbent were 86–92%, and 4–8%, n = 5, respectively for all water samples. The lowest recovery of non-polar DEA using Ti-CNPrTEOS SPMTE sorbent indicated that the sorbent was very selective towards the extraction of polar aromatic amines.

Table 6.1: Qualitative data comparisons between sol–gel Ti-CNPrTEOS SPMTE and C18 SPE; linearity, repeatability (% RSD, n = 5), limit of detection and limit of quantification of aromatic amines.

	Analytes 
	Ti-CNPrTEOS SPMTE
	
	C18 SPE

	
	Correlation coefficient (R2)
	RSD %
	LOD 
(ng L-1)
	LOQ 
(ng L-1)
	
	Correlation coefficient (R2)
	RSD %
	LOD
 (g L-1)
	LOQ (g L-1)

	Aniline
	0.9998
	4.6
	0.13
	0.53
	
	0.9995
	3.5
	0.98
	1.96

	m-toluidine
	0.9993
	3.5
	0.67
	1.55
	
	0.9993
	4.4
	0.59
	1.87

	Dimethylaniline
	0.9995
	5.6
	0.27
	1.38
	
	0.9997
	4.3
	0.49
	1.93

	Diethylaniline
	0.9998
	3.4
	6.23
	5.67
	
	0.9996
	3.8
	0.37
	2.56

	4-ethylaniline
	0.9994
	2.5
	0.52
	2.16
	
	0.9993
	2.8
	0.50
	2.73

	Ethylaniline
	0.9996
	2.7
	0.29
	1.63
	
	0.9999
	4.1
	0.41
	2.87



 









a Linearity ranges: Ti-CNPrTEOS SPMTE  (0.01-10 g L-1), C18 (0.5-50 g L-1)
b LODs: S/N = 3.
 c LOQs: S/N = 10.

Table 6.2: Percentage recovery and % RSD (n = 3) for spiked aromatic amines from river water samples using developed sol–gel Ti-CNPrTEOS SPMTE, and C18 SPE method with GC–FID analysis.
	Aromatic amines
	Ti-CNPrTEOS SPMTE
Recovery (±RSD%, n = 5)
	
	C18 SPE
Recovery (±RSD%, n = 5)

	
	River water
	Waste water
	Tap water
	
	River water
	Waste water
	Tap water

	Aniline
	99 (2)
	97(4)
	98(2)
	
	89 (7)
	88(8)
	90(7)

	m-toluidine
	98 (3)
	95(4)
	96(2)
	
	88 (8)
	88(7)
	91(7)

	Dimethylaniline
	97 (2)
	95(3)
	98(3)
	
	90 (6)
	91(7)
	90(5)

	Diethylaniline
	49 (4)
	56(4)
	51(4)
	
	86 (8)
	87(8)
	89(7)

	4-ethylaniline
	97 (1)
	97(3)
	96(3)
	
	88 (7)
	86(7)
	90(6)

	Ethylaniline
	99 (1)
	97(1)
	98(1)
	
	88 (4)
	83(6)
	92(6)












Spiking level of : Ti-CNPrTEOS (5 g L-1), C18 (5 g L-1)
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Figure 6.7: Chromatograms of river water analysis; (a) unspiked river water using Ti-CNPrTEOS SPMTE, (b) spiked river water using Ti-CNPrTEOS SPMTE, (c) unspiked river water using C18 SPE, (b) spiked river water using C18 SPE Peaks: 1. Aniline; 2. m-toluidine; 3. N,N-dimethylaniline; 4. N,N-diethylaniline; 5. 4-ethylaniline; 6. Ethylaniline. 

6.4 Conclusions

In this present study, a new miniaturized extraction method termed Ti-CNPrTEOS SPMTE was developed by combining the hollow fiber polypropylene membrane and home- made Ti-CNPrTEOS sorbent.  The SPMTE parameters affecting the extraction recovery have been optimized as follow: 15 mL of sample at pH 7, acetonitrile as conditioning and desorption organic solvent, extraction time of 15 min and desorption time of 15 min. The LOD and LOQ for Ti-CNPrTEOS SPMTE (0.13 – 6.23 ng L-1; 0.53 – 5.67 ng L-1) were lower compared with those achieved by C18-SPE (0.37-0.98 g L-1; 1.54-2.56 g L-1). Due to the polar selectivity via π-π interaction between polar aromatic amines with cyano moieties and electrostatic interaction of Ti-CNPrTEOS sorbent demonstrated higher extraction capability than that of commercial C18 SPE sorbent, especially to the polar aromatic amines. The application of the Ti-CNPrTEOS SPMTE sorbent was successfully carried out by analysis of aromatic amines in river water sample with the recovery between 49–99%. The lowest recovery of non-polar DEA using Ti-CNPrTEOS SPMTE sorbent indicated that the sorbent was very selective towards the extraction of polar aromatic amines.
Ti-CNPrTEOS SPMTE has several valuable advantages such as good relative recovery, absence of carry-over (due to single-use of the hollow fiber membrane), pre-concentration of all aromatic amines was achieved after the extraction procedure and low organic solvent consumption. The presence of porous hollow fiber polypropylene membrane provides an extraction barrier between the samples and sorbent which makes it suitable technique extract complex matrices such as fatty acid, sludge samples and etc. 





CHAPTER 7

CONCLUSIONS AND FUTURE RECOMMENDATIONS


7.1 Conclusions

	New Ti-CNPrTEOS sorbent has been successfully synthesized and developed via sol-gel technique. The synthesized Ti-CNPrTEOS sorbent was characterized with FTIR, TGA, BET and CHN prior to applications on extractions. Ti-CNPrTEOS was then applied to three different analytical extraction namely batch sorptive extraction, SPE and SPMTE in order to determine polar aromatic amines (aniline, m-toluidine, N,N-dimethylaniline, N,N-diethylaniline, 4-ethylaniline, ethylaniline) in river water, waste water and tap water samples. For each extraction technique, extraction parameters were successfully optimized to give high efficiency with good method repeatability.  

The Ti-CNPrTEOS sorbent successfully synthesized via sol–gel technique with Ti(OBu)4 was used as the sol-gel precursor CNPrTEOS acted as the sol-gel co-precursor and HCl as acid catalyst. In the FTIR spectra, the appearance of characteristic vibration of Ti-O-Si (944.86 cm−1) confirming the polycondensation between sol–gel-active titanium and silica precusors. The main band at the frequency between 1050 cm-1 and 1150 cm-1 was due to the silica networks. Absorption band at 2247 cm-1 confirmed the existence of cyano (-CN) which showed that cyano moieties were available to participate in the extraction process. The methyl stretching band (C–H) appeared at 2,950 cm-1.  Based on BET results, the additional of CNPrTEOS reduced the pore size and surface area of the synthesized sorbent which contributed by the cross-linking and self-condensation reaction occurred during the process of CNPrTEOS chain bonded to the surface of Ti(OBu)4 particles through Ti-O-Si combination. Sol-gel synthesis parameters affecting the batch sorptive extraction performance of the sorbent produced were optimized as follows: THF as solvent, 4 mols of water content and aging temperature of 60°C for 24h. The new sol–gel sorbent with composition of 1:1 molar ratio Ti(OBu)4:CNPrTEOS showed the highest extraction performance towards the selected aromatic amines.

Solid phase extraction, have been developed using Ti-CNPrTEOS as the sorbent. The applicability of the sorbents for the extraction of polar aromatic amines by the batch sorption method was extensively studied and evaluated as a function of pH, conditioning solvent, sample loading volume, elution solvent and elution solvent volume. The SPE parameters affecting the extraction recovery have been optimized as follow: sample at pH 7, dichloromethane as conditioning solvent, 10 mL sample loading volume, acetonitrile as the eluting solvent and 5 mL volume used. The limit of detection (LOD) and limit of quantification (LOQ) for solid phase extraction using Ti-CNPrTEOS SPE sorbent (0.01–0.2; 0.03-0.61 µgL-1) were lower compared with those achieved using Si-CN SPE sorbent (0.25-1.50; 1.96-3.59 µgL-1) and C18 SPE sorbent (0.37-0.97; 1.87-2.73 µgL-1) with higher selectivity towards the extraction of polar aromatic amines. The optimized procedure was successfully applied for the Ti-CNPrTEOS SPE method for selected aromatic amines in river water samples prior to the gas chromatography-flame ionization detector separation. The recoveries and repeatability obtained from all water samples using the sol–gel Ti-CNPrTEOS SPE sorbent were 57–99% and RSDs 1–4%, n = 5, Si-CN SPE sorbent were 55-97% and RSDs 4-8% while the recoveries and repeatability for the C18 SPE sorbent were 86–92%, and 4–8%, n = 5, respectively. The lowest recovery of non-polar DEA using Ti-CNPrTEOS SPE sorbent indicated that the sorbent was very selective towards the extraction of polar aromatic amines. 

	A new microextraction technique termed solid phase membrane tip extraction (SPMTE) was developed. Selected aromatic amines were employed as model compounds to evaluate the extraction performance and Ti-CNPrTEOS sorbent were used as the adsorbent enclosed in hollow fiber polypropylene membrane.The SPMTE procedure was performed in semi-automated dynamic mode and several important extraction parameters were comprehensively optimized. Based on the results, the optimum parameters for the extraction of aromatic amines using sol-gel Ti-CNPrTEOS SPMTE device were 15 mL of sample at pH 7, acetonitrile as conditioning and desorption organic solvent, extraction time of 15 min and desorption time of 15 min. Good linearities were obtained for both Ti-CNPrTEOS SPMTE and C18-SPE with correlation coefficients of > 0.993 (0.01 – 10 g L-1) and > 0.9993 (0.5-50 g L-1), respectively. The LOD and LOQ for Ti-CNPrTEOS SPMTE (0.13 – 6.23 ng L-1; 0.53 – 5.67 ng L-1) were lower compared with those achieved by C18-SPE (0.37 - 0.98 g L-1 ; 1.54-2.56 g L-1). The RSDs for Ti-CNPrTEOS SPMTE were generally acceptable (2.5 – 5.6 %). The C18-SPE gave the relative recoveries in the range of 86-90% with RSD values between 4-8%. On the other hand, Ti-CNPrTEOS SPMTE achieved the relative recoveries of 49 - 99 % for aromatic amines with RSD values in the range of 1 - 4 %  while the recoveries and repeatability for the C18 SPE sorbent were 86–92%, and 4–8%, n = 5, respectively for all water samples. The lowest recovery of non-polar DEA using Ti-CNPrTEOS SPE sorbent indicated that the sorbent was very selective towards the extraction of polar aromatic amines.The newly developed method showed comparable or even better results against reference method and is a simple, rapid, cheaper and solvent efficient microextraction technique.
	
7.2 Future Directions

The synthesized Ti-CNPrTEOS sorbent has been successfully applied to the batch sorption extraction, solid phase extraction and solid phase membrane tip extraction for the determination of polar aromatic amines. The sorbent will be more interesting if it could be incorporated with non-polar precursor to obtain a hybrid polar-non-polar sorbent that could extract polar and non polar simultaneously. Hydroxyl terminated PDMS, trimethoxysiloxane or hydroxyl terminated silicone oil could be the possible candidates for future work and applied for a broader fields. 

In the final part of this study, a new microextraction technique termed solid phase membrane tip extraction (SPMTE) was successfully modified and developed. Ti-CNPrTEOS sorbent was used as the adsorbent that enclosed in the cone-shaped membrane tip device to extract selected aromatic amines from river water. Future investigations should be focused on the usage of other adsorbents to extract other analytes from different sample matrices. The current SPMTE method was performed in semi-automated dynamic mode. In order to increase the repeatability as well as extraction efficiency, a fully-automated dynamic mode throughout the SPMTE procedure should be explored. The current method should also be focused on various applications such as real-world environmental and biological sample analysis. 
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SPE	0	2009	2010	2011	2012	2013	0	8	9	11	8	11	0	SPME	0	2009	2010	2011	2012	2013	0	16	12	18	34	20	0	SBSE	0	2009	2010	2011	2012	2013	0	1	1	1	5	4	0	Year
Number of publications
Adsorption TiCNPrTEOS	2.1416000000000001E-2	2.6460999999999998E-2	3.1611000000000292E-2	3.6659000000000212E-2	4.1640999999999956E-2	4.6662000000000002E-2	5.1574999999999996E-2	6.1547999999999999E-2	8.0676000000000025E-2	9.1443999999999998E-2	0.1018	0.10625000000000002	0.11171	0.15942000000000273	0.20997000000000021	0.25951000000000002	0.31003000000000008	0.40766000000000002	0.50758999999999055	0.60787000000001012	0.70561000000000063	0.80750999999999951	0.85841999999999996	0.90876000000000001	0.95874000000001158	0.97062000000001158	0.98615999999999959	0.99370999999999998	0.32580000000000675	0.26770000000000005	0.24940000000000292	0.25480000000000008	0.2235	0.71419999999999995	0.85370000000001012	0.85810000000000064	0.94320000000000004	0.97990000000000665	1.2035699999999734	1.212	1.4609999999999772	1.8685	2.2700999999999998	3.6789000000000001	5.7948999999999975	10.3902	14.0397	16.806999999999999	19.633600000000001	23.084099999999989	23.597300000000001	23.9239	24.550899999999999	24.640599999999989	24.807700000000001	24.8325	Desorption TiCNPrTEOS	0.99370999999999998	0.96948999999999996	0.94559000000000004	0.93830999999999998	0.89135999999999949	0.83840999999999999	0.79052	0.69028999999999996	0.5905399999999883	0.49194000000000032	0.44112000000000001	0.39168000000000636	0.34189000000000008	0.29140000000000038	0.24163999999999999	0.19086	0.14119000000000001	9.1094000000000244E-2	4.6862000000000133E-2	2.9867999999999999E-2	1.9351000000000021E-2	1.1429000000000003E-2	7.5810000000001302E-3	24.8325	24.762799999999473	24.5505	24.467099999999789	23.950429999999631	23.872199999999989	23.783099999999642	22.993399999999689	20.370799999999889	16.240599999999613	13.236500000000001	10.0787	7.3894000000000002	5.0370999999999997	3.0733000000000001	2.0592999999999977	1.8504	1.1373	0.56990000000000063	0.42970000000000008	0.32960000000000467	9.2900000000000024E-2	6.1600000000000002E-2	Adsorption Blank Ti	1.3065000000000005E-2	1.8235999999999999E-2	2.467300000000049E-2	3.1271000000000701E-2	3.7627000000000042E-2	4.3421000000000001E-2	4.8977E-2	5.7493000000001175E-2	7.4349000000000012E-2	8.6618000000000001E-2	9.7717000000000026E-2	0.10438	0.10994000000000002	0.15684000000000273	0.20605000000000001	0.25513999999999998	0.30465000000000031	0.40188000000000523	0.49676000000000031	0.5960299999999995	0.70713999999999999	0.80366000000000004	0.85694000000001158	0.90715000000000001	0.95659000000000005	0.96631999999999996	0.98820999999999959	0.99939999999999996	32.568100000000413	34.951199999999993	37.021700000000003	38.692800000000013	40.019100000000002	41.137600000000006	42.085900000000002	43.538900000000012	46.082800000000006	47.882300000000001	49.393800000000006	50.280200000000001	50.967100000000002	57.0304	63.228000000000463	69.847499999999997	76.558499999999981	91.269900000000007	108.3364	131.58040000000167	158.34240000000167	167.80330000000001	169.89350000000002	171.89020000000087	174.1054	176.08260000000001	177.71849999999998	179.34890000000001	Desorption Blank Ti	0.97341999999999951	0.94742000000000004	0.93883000000000005	0.89278000000000002	0.84380999999999995	0.7893	0.69162000000001012	0.59277999999999997	0.50012000000000001	0.44631000000000032	0.39858000000000815	0.35044000000000008	0.29834000000000038	0.24715999999999999	0.19606999999999999	0.14448000000000041	9.4123000000000026E-2	9.4948000000000005E-2	3.4148999999999999E-2	2.4532999999999999E-2	1.8046000000000003E-2	1.4081000000000003E-2	177.92070000000001	178.18700000000001	178.2	176.83260000000001	175.38150000000007	173.89240000000268	171.75650000000002	168.1848	159.91630000000001	114.30869999999999	93.176599999999979	84.974100000000007	77.62469999999999	69.998599999999996	60.532500000000013	55.582000000000001	50.094500000000011	45.5092	40.324600000000004	37.932300000000012	36.098000000000013	35.675000000000011	Relative pressure (P/P0)
Volume (m2/g) 
A	0	0.7 M 	1.2 M 	1.7 M 	0	42.61	58.71	46.7	0	mT	0	0.7 M 	1.2 M 	1.7 M 	0	29.43	42.349999999999994	33.290000000000013	0	DEA	0	0.7 M 	1.2 M 	1.7 M 	0	15.98	20.45	19.29	0	DMA 	0	0.7 M 	1.2 M 	1.7 M 	0	32.58	40.11	28.459999999999987	0	4EA	0	0.7 M 	1.2 M 	1.7 M 	0	25.130000000000031	35.92	24.67	0	EA	0	0.7 M 	1.2 M 	1.7 M 	0	13.229999999999999	24.82	21.110000000000031	0	Concentration of hydrochloric acid
Recovery (%)
A	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	31.304594615325616	54.37792186563459	56.923985579504475	72.725166832859387	69.810385824958985	64.364347625987577	58.611490373552144	56.847280816138444	0	mT	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	24.640608904658531	35.244216889766044	37.649990747023608	55.730227766968056	50.604157670717129	43.016717043982446	35.984454999691103	32.381252146045554	0	DEA	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	18.805714782004515	19.285077815074789	23.396647559492799	26.560621851658802	21.994875803369787	20.171009206183786	18.1339933993399	18.122945978808399	0	DMA	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	23.879294478527587	29.238415606170999	35.360889570551997	48.474386503067002	47.860889570551997	43.336349693251265	38.42837423312929	32.906901840490782	0	4EA	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	20.238459924464962	21.800204918032801	36.628704287516008	50.995908518674113	45.189233921815912	40.751678556441178	28.244088902900373	28.313445775535889	0	EA	0	1 mol	2 mol	3 mol	4 mol	5 mol	6 mol	7 mol	8 mol	0	30.670894102726731	30.975903614457824	32.162269732419013	44.054533925174368	40.170577045022185	37.396322130628064	37.951173113506371	31.610019023462275	0	Water content (mol)
Recovery (%)

A	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	52.935700000000011	85.429140000000004	55.115130000000264	41.887589999999996	19.288289999999783	0	MT	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	40.9238	75.952200000000005	40.450900000000004	28.909300000000002	10.747199999999999	0	DEA	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	19.960399999999783	25	13.745994	6.0633900000000001	4.2843999999999998	0	DMA	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	35.806200000000004	69.243700000000004	31.241399999999889	21.244800000000001	5.8814000000000002	0	4EA	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	34.363430000000001	65.456069999999997	30.759519999999846	24.442089999999794	15.784700000000001	0	EA	0	0	4.2361111111111648E-2	4.3055555555555375E-2	4.3750000000000004E-2	4.4444444444444502E-2	0	30.665299999999846	55.409300000000002	23.402599999999776	15.534099999999999	3.3628999999999967	0	Ratio of Titanium (IV) Butoxide : Cyanopropyltriethoxysilane
Recovery (%)

A	0	50°C	60°C	70°C	80°C	90°C	100°C	0	85.429140000000004	92.810400000000001	89.259299999999996	75.438199999999995	67.125699999999981	56.310299999999998	0	mT	0	50°C	60°C	70°C	80°C	90°C	100°C	0	75.952200000000005	83.995900000000006	60.199300000000271	45.810299999999998	27.2195	11.456600000000073	0	DEA	0	50°C	60°C	70°C	80°C	90°C	100°C	0	29.66	28	28	24	20.741299999999889	18.1523	0	DMA	0	50°C	60°C	70°C	80°C	90°C	100°C	0	69.243700000000004	78.730199999999996	65.54249999999999	60.295700000000359	42.893300000000011	33.023500000000013	0	4EA	0	50°C	60°C	70°C	80°C	90°C	100°C	0	55.409300000000002	73.560599999999994	56.126400000000011	49.215700000000012	28.706699999999838	22.800899999999999	0	EA	0	50°C	60°C	70°C	80°C	90°C	100°C	0	65.456069999999997	73.170599999999979	52.317099999999996	45.2562	23.049499999999846	17.342399999999831	0	Aging temperature (°C)
Recovery (%)

A	2	3	4	5	6	7	8	9	11	22.35	26.37	50.120000000000012	62.012142237640901	55.941023417171998	43	41.343648208469098	MT	2	3	4	5	6	7	8	9	10	15.850000000000026	19.850000000000001	38.71	55.343308395676999	51.911886949291954	44	36.115635179153102	DMA	2	3	4	5	6	7	8	9	9	17.04397394136808	20.25	31.25	45.05	55.089576547231296	50.203583061889297	35	DEA	2	3	4	5	6	7	8	9	1.5	4.3859934853421318	11.476190476190499	19.03	23.310000000000031	30.89	22.841269841269789	15.870000000000006	4EA	2	3	4	5	6	7	8	9	2.5	10.385993485342	17.130000000000031	26.130000000000031	35	46.089108910891063	35.089108910891063	25	EA	2	3	4	5	6	7	8	9	13	15.415309446254073	20.279999999999987	24.29	32.71	36.388650042992246	29.699054170249635	20.56	pH
Extraction recovery (%)
A	0	MeOH	THF	Toluene	DCM	ACN	0	11	11.343648208469126	55.941023417172168	62.012142237640901	12.88	0	MT	0	MeOH	THF	Toluene	DCM	ACN	0	10	21.115635179153099	51.9118869492928	59.343308395676999	13.56	0	DMA	0	MeOH	THF	Toluene	DCM	ACN	0	9	17.04397394136808	50.203583061889297	55.089576547231296	16	0	DEA	0	MeOH	THF	Toluene	DCM	ACN	0	1.5	2.3859934853420199	22.841269841269789	13.476190476190499	5.87	0	4EA	0	MeOH	THF	Toluene	DCM	ACN	0	2.5	4.3859934853420697	35.089108910891063	46.089108910891063	3.67	0	EA	0	MeOH	THF	Toluene	DCM	ACN	0	13	15.415309446254073	29.699054170249553	36.388650042992246	11.56	0	Conditioning solvent
Extraction recovery (%)
A	5	10	15	20	12.972312703583064	64.40553745928338	41.832247557001992	42.9039087947883	MT	5	10	15	20	30.374064837905227	63.549459684123022	64.405652535328343	56.490228013029309	DMA	5	10	15	20	26.716171617161717	48.9174917491749	39.092409240925157	38.659609120521203	DEA	5	10	15	20	13.634920634920601	35	33	29.9	4EA	5	10	15	20	36.808326105810927	63.581092801387094	54.969644405896339	34.503257328990237	EA	5	10	15	20	42.407566638005164	49.062768701633701	43.361994840928617	26.359934853420199	Volume of sample (mL)
Extraction recovery (%)
A	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	67.57961783439417	3.8216560509554141	29.617834394904673	3.8216560509554141	3.8216560509554141	3.8216560509554141	86.305732484076358	0	MT	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	65.955145118732958	1.1873350923482855	20.316622691292878	4.8812664907652161	4.8812664907652161	1.9788918205804751	73.350923482849595	0	DMA	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	55.926070038910503	4	14.333333333333334	4	4	4	74.333333333333258	0	DEA	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	28.866666666666699	2.3346303501945531	6.2256809338521419	2.3346303501945531	2.3346303501945531	2.3346303501945531	30.852140077820845	0	4EA	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	69.090909090909093	5.5555555555555083	22.222222222222008	5.5555555555555083	5.5555555555555083	3.5353535353535337	78.787878787878782	0	EA	0	DCM	THF	Toluene	ACN	MeOH	Water	dry with air	0	50.154639175257209	2.0618556701030699	4.5103092783505145	5.0257731958762903	5.0257731958762903	2.7061855670103303	64.974226804123703	0	Washing solvents
Extraction recovery (%)
A	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	22.012142237640738	64.709762532980577	15.9333333333333	94.305732484076358	58.585858585858595	3.8216560509554141	0	MT	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	19.343308395676999	56.556420233462994	13.518041237113405	86.787878787878782	48.812664907651275	4.8812664907652161	0	DMA	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	15.089576547231324	55.303030303030297	10.686015831134569	71.852140077820067	43.821656050955397	5.5555555555555083	0	DEA	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	3.4761904761904807	22.006369426751601	2.33463035019455	32	25.564202334630238	2.3346303501945531	0	4EA	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	3.6113499570077394	51.8	5.5555555555555083	81.350923482849595	48.433333333333337	5.0257731958762903	0	EA	0	DCM	THF	Toluene	ACN	MeOH	Hexane	0	6.0891089108909995	52.396907216494903	3.8216560509554141	82.333333333333258	33.646907216494853	4	0	Elution Solvents
Extractionrecovery (%)
A	1	3	5	10	15	21.822222222221786	88.000000000000014	98.305732484076358	82.646048109965648	68.6666666666667	MT	1	3	5	10	15	17.3024054982818	69.333333333333258	91.787878787878782	62.727272727272698	45.249140893471363	DMA	1	3	5	10	15	10.571679859278804	49.805447470815892	93.852140077819286	44.373673036093344	43	DEA	1	3	5	10	15	6.2289562289561244	42.542153047990013	36	36.498054474707999	34.730360934182613	4EA	1	3	5	10	15	13.022049286640756	42.875989445910044	88.350923482849595	40.900615655232123	39.263852242744363	EA	1	3	5	10	15	16.857749469214635	70.817120622568126	91.333333333333258	52.693602693602394	46.336700336700012	Volume of elution solvent (mL)
Extraction recovery (%)

A	4	5	6	7	8	9	45	55.125700000000371	80.05	79.55	77.05	75.438199999999995	mT	4	5	6	7	8	9	3	8.2195	28.995899999999889	21	21	16.559999999999999	DEA	4	5	6	7	8	9	1	2.5	3	3.9	3.8	3.5	DMA	4	5	6	7	8	9	19	25.049499999999803	26	35	34	34.300000000000004	4EA	4	5	6	7	8	9	23	29.706699999999795	39.215700000000012	40	38	35	EA	4	5	6	7	8	9	2	5	7	9	8	9	pH
Peak Area (pA)

A	n-Hexane	Acetonitrile	MeOH	DCM	22.887539999999788	89.895200000000003	85.046040000000005	40.763520000000113	mT	n-Hexane	Acetonitrile	MeOH	DCM	10.49042	32.8855	33.457659999999997	16.555099999999989	DEA	n-Hexane	Acetonitrile	MeOH	DCM	4.0094000000000003	4.5	8.0532200000000014	5.1868799999999995	DMA	n-Hexane	Acetonitrile	MeOH	DCM	7.8270499999999945	34.1175	27.104790000000001	13.230090000000001	4EA	n-Hexane	Acetonitrile	MeOH	DCM	15.123069999999998	48.338200000000001	46.432920000000003	25.998029999999737	EA	n-Hexane	Acetonitrile	MeOH	DCM	3.7443700000000235	14.5708	12.44445	9.1613699999999998	Conditioning Solvent
Peak Area (pA)

A	5	10	15	20	17.887539999999831	35.763520000000113	85.31	79.599999999999994	mT	5	10	15	20	5.4904200000000003	11.555100000000024	27.885499999999805	28.457659999999986	DEA	5	10	15	20	1	2	4.5	3.0532199999999987	DMA	5	10	15	20	2.8270499999999967	8.2300899999999988	27.9	22.104790000000001	4EA	5	10	15	20	10.123069999999998	20.998029999999787	43.338200000000001	41.432920000000003	EA	5	10	15	20	3	4.1613699999999998	9.5708000000000002	7.4444499999999998	Sample Volume (mL)
Peak Area (pA)


A	0	10	15	20	25	63.2	106.9	108.8	106.9	mT	0	10	15	20	25	21	44.7	55	52.1	DEA	0	10	15	20	25	3	5.2	30.4	34	DMA	0	10	15	20	25	18.8	30	65.5	66	4EA	0	10	15	20	25	10.5	38.300000000000004	77.3	76.2	EA	0	10	15	20	25	8.2000000000000011	17.600000000000001	33.4	26.8	Extraction time (min)
Peak Area ( pA)

A	Dichloromethane	Hexane	Methanol	Acetonitrile	63.2	59.5	108.8	128.9	mT	Dichloromethane	Hexane	Methanol	Acetonitrile	21	44.7	55	52.1	DEA	Dichloromethane	Hexane	Methanol	Acetonitrile	5.2	30.4	34	DMA	Dichloromethane	Hexane	Methanol	Acetonitrile	18.8	30	65.5	66	4EA	Dichloromethane	Hexane	Methanol	Acetonitrile	10.5	38.300000000000004	77.3	76.2	EA	Dichloromethane	Hexane	Methanol	Acetonitrile	8.2000000000000011	17.600000000000001	33.4	26.8	Desorption Solvent
Peak Area (pA)


A	10	15	20	25	30	128.9	287	283	281.5	278	mT	10	15	20	25	30	52.1	113.4	109.4	107.9	104.4	DEA	10	15	20	25	30	25.7	34	30	28.5	25	DMA	10	15	20	25	30	66	90.1	86.1	84.6	81.099999999999994	4EA	10	15	20	25	30	76.2	139.07	135.07	133.57	130.07	EA	10	15	20	25	30	26.8	54.879999999999995	50.879999999999995	49.379999999999995	45.879999999999995	Desorption Time (min)
Peak Area (pA)
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