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Abstract and Key Words

Fundamental and applied research on synthesizing oxide nanomaterials in supercritical CO2 (scCO2) is of potential importance to many industrial and scientific areas, such as the environmental, chemistry, energy, and electronics industries. This research has focused on synthesizing silica (SiO2), titania (TiO2) and zirconia (ZrO2) nanostructures via a direct sol-gel process in CO2, although it can be extended to other metal oxides and hybrid materials. The synthesis process was studied by in situ FTIR spectrometry. The resulting nanomaterials were characterized using electron microscopy, N2 physisorption, FTIR, X-ray diffraction and thermal analysis. 

Silicon, titanium and zirconium alkoxides were used as precursors due to their relatively high solubility in scCO2. Acetic acid was used as the primary polycondensation agent for polymerization of the alkoxides, not only because it is miscible in scCO2, but also as it is a mild polycondensation agent for forming well-defined nanostructures. The synthesis was carried out in a batch reactor, either in an autoclave connected with the in situ FTIR, or in a view cell with sapphire windows for observation of phase changes. The process was controlled by means of a LabView software through a FieldPoint® interface. The nano spherical particles of SiO2 aerogel with a diameter of ca. 100 nm were obtained by means of rapid expansion of supercritical solution (RESS). TiO2 nanofibers with diameters of ca. 10 ~ 80 nm and nanospheres with a diameter of 20 nm were prepared in the high-pressure vessel by means of controlling the synthesis conditions followed by extraction of organic components using scCO2. The mechanism of fibrous and spherical nanostructure formation was studied using in-situ ATR-FTIR spectrometry. It was found that the nanofibers were formed through polycondensation of a Ti acetate complex that leads to 1-dimensional condensation, while the nanospheres were formed through polycondensation of a Ti acetate complex that leads to 3-dimensional condensation. Using the same method, ZrO2 nanospherical particles with a diameter of ca. 20 nm and mesoporous monoliths were also produced. The reaction rate and product properties were found to be a function of initial concentration of the precursor, the ratio of acid/alkoxides, the temperature, and the pressure. In order to obtain crystalline phases, the as-prepared aerogels were calcined under several different temperatures in the range of 300-600 °C. Anatase and rutile TiO2 nanocrystallites, as well as tetragonal and monoclinic ZrO2 were obtained depending on calcination temperature. The resulting materials exhibited a mesoporous structure and a high surface area. 

The in situ ATR-FTIR spectra during the sol-gel process were studied using a chemometrics method. The pure-component spectra of the various reaction ingredients and products were extracted from the overlapped spectra, and the pure-component concentration profiles as well as the precursor conversion curves were subsequently obtained. The concentration-time curves allowed an assessment of the reaction kinetics. The silica alkoxide was found to react with acetic acid gradually to form SiO2, and the reaction was favored by a higher temperature and a lower pressure. The titanium and zirconium alkoxides, however, reacted with acetic acid quickly to form metal acetate complexes, which subsequently grew into metal oxide particles.

ScCO2 was found to be a superior solvent for synthesizing oxide nanomaterials, because of its zero surface tension that maintains the nanostructures and the high surface areas of the nanomaterials. Acetic acid was an excellent polycondensation agent for synthesizing SiO2, TiO2 and ZrO2 nanomaterials, because of the formation of Si, Ti and Zr acetate coordination compounds that can be stabilized in CO2. Stabilization of the colloidal particles in CO2 was studied using both the ATR-FTIR and solubility parameter approaches. According to the ATR-FTIR study, the interaction between CO2 molecules and the metal-bridging acetate is featured by Lewis-acid and Lewis-base interactions, which facilitates solubility. The solubility parameter calculation results showed that the acetate group decreases the solubility parameters of the macromolecules, improving solubility in CO2. 

This research showed that the direct sol-gel process in CO2 is a promising technique for synthesizing SiO2, TiO2 and ZrO2 materials with high surface areas and various nanoarchitectures.

Key Words: SiO2 nanospheres, TiO2 nanofibers, TiO2 nanospheres, ZrO2 nanospheres, mesoporous ZrO2 monolith, aerogel, sol-gel, supercritical CO2, metal alkoxides, carboxylic acid, acetic acid, ATR-FTIR, chemometrics, SIMPLISMA modeling, self-assembly, LA-LB interaction. 
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Chapter 2.  Introduction

1.1. Overview

This thesis is focused on developing a new sol-gel route for synthesizing oxide nanomaterials with various morphologies, i.e. nanofibers, nanospheres, and mesoporous architectures in CO2. In the new sol-gel route, carboxylic acids are used for polycondensation of metal alkoxides. Fundamental studies on the synthetic process and resulting materials were carried out using in situ FTIR, N2 physisorption, X-ray diffraction, electron microscopy, and thermal analysis. 

In this chapter, the motivation of the research and the potential applications of the synthesized nanomaterials are addressed. Also, the methodologies for synthesizing nanomaterials, especially the sol-gel process and supercritical fluid techniques, are introduced.

1.2. Motivation of the Research

The scientific and industrial demand for oxide nanomaterials with desirable morphologies has increased significantly in recent years. As a result, tremendous work has been performed in synthesizing the oxide nanomaterials on both the laboratory and industrial scales.1, 2 Also, concerning human health and the environment, chemical engineers are seeking methodologies for producing nanomaterials in a green and sustainable manner with a low cost.3   

The purpose of this research was to develop an inexpensive, environmental friendly, and easy-to-scaleup method for synthesizing oxide nanomaterials with desired morphology, i.e., nanofibers, nanospheres and mesoporous material. 

1.3. Potential Applications of Oxide Nanomaterials

An oxide is a compound containing oxygen atom(s) and another element. When the other element is electropositive such as a metal atom, the oxides tend to be basic; when the other element is electronegative such as a non-metal atom, the oxides tend to be acidic. Some oxides such as aluminum and zirconium oxides act as both an acid and a base.4
In the oxide family, SiO2, TiO2 and ZrO2 nanoparticles have attracted significant attention in recent years due to their interesting electrical,5 optical,6 magnetic properties and applications for catalysis,7 energy conversion,8 biomedical applications,9 functionalized hybrid materials,10 and nanocomposites.11, 12 

Specifically, because of the high-temperature stability, biocompatibility, and metal-oxide-semiconductive properties, SiO2 nanomaterials have many potential applications. For instance, SiO2 nanomaterials can be used as catalyst supports where a metal such as Pt is combined onto SiO2,13, 14 as inorganic fillers for SiO2/polymer nanocomposites where the SiO2 strengthens the polymer composites,15, 16 as nanosized biosensors where SiO2 core-Au shell nanoparticles can be tested at visible wavelength,17, 18 and as a drug capsule where the bioactive molecules are encapsulated in the SiO2 particles.19
Because of its semiconductivity, photoelectrical and photochemical activity under UV light and opacity under X-rays,20 TiO2 nanomaterials can be used as dye-sensitized solar cells (DSSC)21, 22 and photoelectrochemical cells (PEC),23 photocatalysts, chemical sensors,24 self-cleaning coating,25 and TiO2/polymer nanocomposites.16, 26-28
Porous and particulate ZrO2 has outstanding electrical, chemical and mechanical properties.29 Hence it can be used as catalyst supports,30, 31 and as a component of core-shell nanoporous electrodes to prevent recombination of an electron and a hole in dye sensitized solar cells and solid oxide fuel cells (SOFCs).32, 33 ZrO2 is also a very useful ceramic hardening material and is often used as a filler in composite biomaterials for joint prostheses.34
1.4. Methodology of Synthesizing Oxide Nanomaterials

Currently, there are many synthetic methods to produce high quality oxides, including sol-gel, hydrothermal or solvothermal, microemulsions, electrospinning, chemical vapor deposition (CVD), thermal decomposition, pulsed laser ablation, templating, and self-assembly techniques.35 However, most of the current methods suffer from environmental pollution and scale-up problems. For example, the conventional sol-gel process and templating methods involve volatile organic compounds (VOCs); hydrothermal or solvothermal methods involve high temperatures in an autoclave that generates corrosion and safety problems; while electrospinning or CVD processes are difficult to scale-up. These methods are briefly outlined below.

Sol-Gel Method. Metal alkoxides or salts are widely used as precursors for synthesizing metal oxides with various morphologies via a sol-gel route. Since the precursors react with water quickly and tend to precipitate, many methods have been used to control the reaction rate in order to obtain desired nanostructures. For instance, TiO2 nanoparticles with a diameter of 4.3 nm were prepared by controlled hydrolysis of titanium alkoxide in reverse micelles with the aid of a surfactant in a hydrocarbon solvent;36 while mesoporous anatase TiO2 nanoparticles with a mean diameter of 25.5 nm and a surface area of 189 m2/g were synthesized recently using the precursor of Ti(SO4)2 and laurylamine hydrochloride;37 TiO2 nanoparticles with a diameter of ca. 14 nm were prepared using a sol-gel process of isopropoxide with the aid of ultrasonication.38 Hansen et al. states that the sol-gel method is becoming the standard method for synthesizing oxide materials in Chemical Reviews, 2004.29 

Hydrothermal/Solvothermal. Under subcritical or supercritical water/solvent conditions, TiO2 and ZrO2 nanoparticles have been produced from a variety of precursors. More details about this method are provided in Chapter 2.

Microemulsions. The synthesis of oxides from reverse micelles relies on the precipitation of metal ions in aqueous droplets.39 For example, 20-300 nm TiO2 gels were produced by hydrolysis of tetraisopropyltitanate in sodium bis(2-ethylhexyl)sulfosuccinate (AOT) reverse micelles.40 

Electrospinning. This technique involves the use of a high voltage to charge the surface of the metal alkoxide solution that passes through a nozzle (or coaxial capillaries). Using this method, TiO2 and ZrO2 nanofibers and nanotubes have been produced.41-43 However, the resulting one-dimensional materials usually exhibited a diameter in the micron size.

CVD. This method involves the chemical vapor deposition of alkoxides or salts. The particle size was found to be a function of temperature, reaction rate, and concentration of the precursors, and TiO2 particles as small as 2 nm were obtained.44, 45 The advantages of this method include the uniform coating of the nanoparticles or nanofilm, and the disadvantages include the higher temperatures being used and difficulties of scaleup.46
Thermal Decomposition and Pulsed Laser Ablation. Metal alkoxides and salts can be decomposed and nanoparticles formed when high energy from heat or electricity is applied, if the process is well controlled. TiO2 nanoparticles with a diameter less than 30 nm were produced by the thermal decomposition of titanium alkoxide or TiCl4 at 1200 (C.  The particle size was found to be a function of precursor concentration and the flow rate of the precursors.47 Tetragonal ZrO2 particles from 6 to 35 nm were also produced using this method.48 TiO2 nanoparticles with a diameter ranging from 3 to 8 nm were synthesized by pulsed laser ablation of a titanium target immersed in an aqueous solution of surfactant or deionized water.49 However, the drawbacks of these methods are high cost and low yield, and difficulty in controlling the morphology of the particles.29
Templating. A template is a well-defined architecture onto which another material can form a nanostructure. A variety of templates have been studied for synthesizing oxide nanomaterials. For instance, cationic colloidal particles have been used to prepare the hollow TiO2 nanospheres by thermal condensation of the TiO2 shell on the template, followed by calcination to remove the polystyrene core;50 scaffolds of poly (styrene-block-2-vinylpyridiane) diblock copolymers have been used to synthesize highly dense arrays in a regular pattern of TiO2 nanoparticles through a sol-gel process;51 starch gel templates have been used to synthesize meso/macroporous TiO2 monoliths.52 The advantage of this method is that the template allows nanomaterials with a variety of morphologies to be prepared, while the disadvantage is the complicated synthetic procedures and the consumption of the nanotemplates, which need to be removed, normally by calcination.
Direct Sol-gel Process in subcritical CO2. By using a surfactant to disperse water, TiO2 nanoparticles were produced by the hydrolysis and condensation of titanium alkoxides using subcritical CO2 as a solvent.53 More details about this method are described in Chapter 2.

1.5. Supercritical Fluids and Supercritical Carbon Dioxide 

1.5.1. Supercritical Fluids (SCFs)

By definition, a supercritical fluid (SCF) is a single phase when its temperature is above the critical temperature (Tc) and its pressure is above the critical pressure (Pc), as shown in a typical pressure-temperature (P-T) phase diagram (Figure 1.1). In the P-T phase diagram of a pure substance, the phase boundary lines divide the diagram into solid, liquid and gas regions. However, the boundary between the liquid and the gas disappears when the pressure is higher than the critical pressure, and the temperature is higher than the critical temperature.
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                                     Figure 1.1. Schematic: the phase diagram of a typical material.

A SCF has a density comparable with a liquid, which enables it to function as a solvent, and a viscosity similar to a gas, which provides superior mass and heat transfer compared with a conventional solvent. Also, due to the zero surface tension, SCFs have been extensively used for supercritical drying to maintain high surface areas of the materials.54 As a result of these favorable properties as a solvent, extensive research and development on SCFs for chemical reactions and extractions have been conducted in recent decades.55-57 

By definition, viscosity is a measure of the resistance of a fluid to deform under shear stress.58 Using CO2 as an example, the viscosities and densities of vapor, liquid and supercritical CO2 under selected conditions are listed in Table 1.1.59 From this table, it can be observed that the viscosity and density of supercritical fluid are a function of temperature and pressure. By tuning temperature and/or pressure, a desired physical property of the SCF such as viscosity and density can be achieved.

Table 1.1.  The selected viscosities and densities of CO2 in vapor, liquid and supercritical phases.59, 60
	Temperature

(K)
	Pressure

(psia.)
	Phase
	Viscosity

(10-6 Pa·S)
	Density

(mol/L)

	313
	1000
	Vapor
	19.1
	4.4

	303
	3000
	Liquid
	90.5
	20.4

	323
	2000
	Supercritical
	52.5
	15.2

	333
	2000
	Supercritical
	41.3
	12.6

	333
	5000
	Supercritical
	82.8
	19.5


Surface tension is caused by the molecules of the liquid at the surface that are subject to an inward force of molecular attraction.61 The surface tension of the saturated liquid CO2 as a function of pressure/temperature is plotted in Figure 1.2.60, 62 In the saturated liquid region, the surface tension decreases as the pressure/temperature increases. In the supercritical region, the surface tension is zero due to the disappearance of the interface between the liquid and vapor phases.
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Figure 1.2.  Surface tension of saturation liquid CO2 vs. pressure.  The data points were labeled with the corresponding saturation temperatures at the specific pressures.  In the supercritical region, the surface tension is zero.60
Different substances have their own critical properties. Table 1.2 shows the Tc, Pc and ρc (the density at the critical point) of selected substances that have been used as SCFs for material processing and chemical reactions.57 Generally speaking, low Tc and Pc of a substance are desirable due to economic issues. Practically, the safety and environmental issues for using a flammable organic compound and the solvent power of the substance have to be considered when one selects a SCF. Among the candidates of SCFs, CO2 is an outstanding one, because of its relative low Tc and Pc, low cost, abundance, and the fact that it is environmentally benign. Usage of scCO2 instead of water or organic solvent can reduce the water pollution and emission of VOCs. The industrial sources of CO2 include the flue gas from power stations, as well as CO2 being a by-product of existing processes such as ethanol, ammonia and hydrogen production.

            Table 1.2. Critical properties for selected supercritical fluids in chemical reactions57
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1.5.2. Particle Formation in SCFs

SCFs offer many opportunities to form particles with improved properties. From the processing aspect, producing particles by SCFs can be classified into several major processes such as gas antisolvent (GAS), rapid expansion of supercritical solution (RESS), precipitation from gas saturated solutions (PGSS), etc.63, 64
RESS Process. In 1984, Krukonis first reported using the RESS process for the preparation of small particles and fibers of polypropylene and soybean lecithin.65 After this report, extensive studies were made on the formation of a variety of materials by means of the RESS process. For example, silica particles with a diameter of 100 ~ 500 nm were prepared by the rapid expansion of supercritical water solution at 470 C.66 It was found that the pre-expansion solution temperature had the most significant impact on product morphology among the RESS parameters, while the polymer-solution concentration had only a minor effect.66, 67 The RESS process can be considered to consist of four steps:

1. Preparation of the supercritical solution, typically by dissolution of the solute in the supercritical solvent.

2. Setting of the pre-expansion conditions upstream of the expansion device.

3. Rapid expansion of the supercritical solution from the pre-expansion conditions to ambient conditions through a device such as a micro-orifice or capillary.

      4.   Recovery of the product in an expansion chamber.57
When a SCF containing a dissolved solute goes through a micro-orifice, the density and solvation power of the fluid decreases dramatically in a very short time, resulting in supersaturation and subsequent precipitation of solute particles.57 

GAS Process. In the Gas-Antisolvent (GAS) method, the solute is soluble in an organic solvent but insoluble in a SCF. If the SCF is added into the organic solvent, the solubility of the solute decreases, hence causing precipitation. The resulting particle size and size distribution depend on the selection of the solution/antisolvent system, the solution concentration, the relative solution and antisolvent quantities, the rate of the antisolvent addition, and the degree of mixing.68 

1.5.3. Chemical Reactions in SCFs

The usage of SCFs as an alternative to conventional solvents has been the subject of increasing investigation over the last two decades due to the solvation and transport properties that can be varied appreciably.57 Specifically, CO2 has been used for polymerization,69-73 catalytic oxidation,74 catalytic hydrogenation,75 enzymatic reactions,76 and sol-gel reactions.53, 77-79 

Temperature and pressure are fundamental physical properties that affect various thermodynamic and kinetic parameters, especially for chemical reactions carried out in a SCF using a relatively high operating pressure.80 The Arrhenius equation can be used to estimate the temperature effect on the reaction rate constants: 
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where k = the reaction rate constant, k0 = the frequency factor, Ea = the activation energy in J/mol, R = universal gas constant = 8.314 J/(mol·K), T = temperature in K.

The pressure effect can be evaluated using transition state theory.81, 82 This theory assumes a chemical equilibrium between the reactants and an activated transition state species, with the latter proceeding directly to products. The rate of the chemical reaction is governed by the rate constant k:

                                              A + B ⇌ M‡ 
[image: image12.wmf]k

®

 products                                                (1.2)
where A and B denote the reactants, M‡ is the transition state complex, and k is the rate constant.

The pressure effect on the reaction rate is given by:
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 is negative, an increased pressure will result in a higher rate constant.

The density variation in a SCF also influences the chemical potential of solutes and, thus, reaction equilibrium constants.85
The clustering phenomenon is also important for consideration of chemical transformations in SCF media.57 It was widely recognized that the solvent density in the region around a solute molecule will be higher than the bulk density, and this deviation is often 50 to 300 % and influences the kinetics of the reaction.86 For instance, in their study on the pressure’s effect on the esterification of phthalic anhydride in supercritical CO2, Ellington et al. attributed the reaction rate deviation from Equation 1.3 to the clustering effect.87
1.5.4. Commercial Implementation of SCFs

Commercial implementation of SCF extraction applications include coffee and tea decaffeination, cholesterol and fat removal from eggs, acetone removal from antibiotics, and organic removal from water.57 The early commercial implementation of SCF technology for conducting chemical reactions include ammonia synthesis (1913), methanol synthesis (1923), oxidation of light alkanes (1920) and the synthesis of low-density polyethylene (1940).55 In 1985, SCF butene was used for 2-butanol production from 1- and 2-butene.57 In 2002, DuPont commercialized the synthesis of fluoropolymers in scCO2.88 

1.5.5. ScCO2
Of the supercritical fluids, the most exciting potential is provided by the environmentally friendly solvent, supercritical carbon dioxide (scCO2). The utilization of scCO2 as a substitute for conventional organic solvents for the processing of materials has been widely reported.89-92 The reasons are due to scCO2 being non-toxic, non-flammable, inexpensive, naturally abundant, and environmentally benign. With a critical temperature of 31.1 C and a critical pressure of 1070 psig, the critical conditions of scCO2 are easy to be achieved so that a lower capital cost is required for the autoclave materials and a lower operation cost is achieved due to lower energy consumption. The properties of scCO2 can be easily tuned by changes of total pressure and/or temperature, hence changing the solubility of various compounds as desired.93, 94 In addition, removal of scCO2 can be easily achieved by venting, hence no evaporation or drying processes are required. Particularly, supercritical drying extinguishes the liquid surface tension that causes the shrinkage of the solid, hence the microstructure of the aerogel is maintained after the drying process.95 As a result, scCO2 has been widely employed for aerogel processes.96-99 A recent study shows that large pore sizes were obtained when using scCO2 as a solvent for synthesizing mesoporous silica, in which silicon alkoxide was the precursor and a block copolymer was used as the template.100
The first study on homogeneous catalysis in scCO2 started in 1991 when Rathke and Klingler reported their work on hydroformylation of propylene catalyzed by HCo(CO)4 in scCO2.101 The advantages of homogeneous catalysis in scCO2 include higher solubility of the gaseous reactant in the SCF compared to conventional organic solvents,102 higher mass transfer than that of heterogeneous catalysis, and easy ability to scale-up. A major drawback of homogeneous catalysis lies in the difficulty of catalyst recovery and recycling.57
1.6. Sol-Gel Synthesis and Aerogel

1.6.1. Sol-Gel Technique and Aerogel

A sol is a colloidal suspension of solid particles in a liquid.103 When sols attract each other and stick together in such a way to form a network, a gel is formed. A gel is a substance that contains a continuous solid skeleton enclosing a continuous liquid phase.104 If the smallest dimension of the gel is greater than a few millimeters, the material is called monolith. If gels are in dimension from 1 nm to a few millimeters, it is called particulate gels.105 Drying a gel by evaporation under ambient pressure gives rise to capillary pressure that causes shrinkage of the gel network. The resulting material is called a xerogel that is a dense material and exhibits a low surface area. In contrast, drying the gel under supercritical conditions eliminates the interface between liquid and vapor, so that there is no capillary pressure and relatively little shrinkage; the resulting materials are called aerogels.104, 106 Recently, materials dried by freeze-drying produce materials initially known as cryogels, now also termed aerogels.95 Aerogels are extremely porous, low-density materials with a larger surface area than the xerogels. A typical aerogel comprises both meso- and micro-pores and exhibits a large surface area of hundreds of square meters per gram. They have extremely low thermal conductivities and fascinating acoustic properties due to their porous structure.107 The first gel derived from a metal alkoxide was synthesized by Ebelmen, in 1846,108 while the first aerogel was prepared by Kistler, who invented the supercritical drying method in 1932, which solved the shrinkage problem during gel drying.103, 109 Aerogels can be used for advanced applications including electrochemical devices, thin coatings, composite biomaterials, catalysts, ceramics, and heat and electric insulation devices.110-113 This is because the aerogels have unique morphological and chemical properties which originate from the preparation methods and operational parameters such as the type of alkoxide, the H2O/alkoxide ratio, the catalyst used for hydrolysis and condensation, the calcination temperature, and the SCF used for drying.113
1.6.2. Conventional Method of Aerogel Synthesis

The conventional method for producing aerogels by the wet sol-gel route was developed after Kistlers pioneering work. This method involves hydrolysis of the metal alkoxide with water and a catalyst, i.e. an acid or a base, condensation into macromolecules, forming a colloidal sol and three-dimensional network wet gel, solvent exchange to remove water by alcohol, then drying the wet gel into an aerogel using a supercritical fluid (Figure 1.3).114 The mechanism of hydrolysis and condensation of transition metal alkoxides is relatively well-understood.115 


                                            Figure 1.3. Flow chart of conventional sol-gel route.

Hydrolysis and condensation of metal alkoxide precursors.

When a metal alkoxide reacts with water, nucleophilic substitutions occur as shown in Figure 1.4:104 For the coordinatively saturated metals such as the metal alkoxides, hydrolysis and condensation both occur by nucleophilic substitution (SN) mechanisms, in which coordination and proton transfer are involved and followed by removal of either alcohol or water.
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                  Figure 1.4. Mechanisms of hydrolysis and condensation of metal alkoxides.105
1.6.3. Direct Synthesis of Aerogel via a Sol-Gel Route in SCFs

A modified non-aqueous sol-gel route, was first reported by Loy et al. in 1997, in which the direct synthesis of SiO2 aerogel monolith in CO2 was studied by using formic acid as the polycondensation agent.116 The direct synthesis of silica spherical particles in micron-size and nanofibers in supercritical acetone was reported by M. Moner-Girona et al. in 2003.78 The new method simplified the aerogel process by completing both the reaction process and the drying process in one step. The success of this work on the direct sol-gel process in SCFs shed light and inspired this research. 

Chapter 3.  Direct Sol-Gel Process in SCF: A Review

2.1. Overview

“The 1980s were the decade of extraction, the 1990s have been the decade of materials, and the start of the next century will be the decade of reactions.”

                                                                         ------ Michel Perrut, in 199794
Since the discovery of supercritical drying by Kistle,109 the combination of sol-gel processing and supercritical fluid (SCF) techniques provides significant potential for material science and nanotechnology. 

The conventional method of synthesizing inorganic aerogels comprises a wet sol-gel process, in which alkoxides are hydrolyzed and condensed into a wet network, followed by SCF drying in order to maintain the micro-architecture. The inorganic aerogels exhibit microporous and mesoporous structures and significantly higher surface area. Their applications include catalysis, acoustic and thermal insulation, optics, and electrics. The conventional sol-gel method for aerogel synthesis has been well reviewed by Gesser et al. in 1989 and Pierre et al. in 2002.54, 113 

In the last decade, a new approach for synthesizing oxides directly in SCFs has been developed, and nanoarchitectures with a variety of morphologies, i.e., aerogel monolith, films, monolayer, nanospheres, and pillared structure, have been prepared.

In the present review, the direct sol-gel process in SCFs designates a one-pot synthesis for inorganic materials through either hydrolysis-condensation or polycondensation of alkoxides or salts in subcritical or supercritical fluids.

2.2. Supercritical and Subcritical Water or Alcohol 
The high temperature SCF processing of inorganic materials is attractive for materials engineering, as: (1) a variety of morphologies are obtained that are difficult to be synthesized with alternative methods; (2) the high surface area and the microstructures are maintained due to the low interfacial tension of the SCF; (3) the crystalline phases are obtained immediately after the high temperature SCF process, and there is no need to recover the solid from solution and post-annealing; and (4) the process is easily adaptable to continuous production.94, 117
The experimental setup of the SCF continuous system for synthesizing oxide nanoparticles includes: a high pressure pump for pumping the fluid into the reactor, a regulating valve for maintaining the pressure, and the high-pressure reactor.118
The first direct sol-gel process of alkoxides in the high-temperature SCF was studied by Pommier et al. in 1992. After that, many crystalline nanoparticles have been synthesized. As an example, 20 ~ 60 nm TiO2 anatase nanoparticles were prepared from titanium isopropoxide (TIP).117 By using IR analysis, a kinetics study was conducted. The reaction was assumed to be a hydrolytic decomposition, rather than a pure thermal decomposition, followed by a polymerization-polycondensation and precipitation of the solid. Interestingly, it was found that the temperature and pressure had no significant effect on the particle size of TiO2.118 In other research, anatase TiO2 was deposited on the substrate surface and inside the pores of commercial -Al2O3 by hydrolytic decomposition of titanium isopropoxide in supercritical isopropanol. Various experimental parameters, i.e. temperatures, precursor concentration, water-to-alkoxide ratio, solution flow rate, and deposition time, were studied by Brasseur-Tilmant.119
Using the same technique, Znaidi et al. prepared submicron MgO powders with a surface area of 210 ~ 280 m2/g from magnesium isopropoxide or magnesium acetate at approximately 200 C in liquid alcohol or supercritical alcohol-CO2 mixtures.120, 121 The mechanism of the sol-gel process in the SCF comprises hydrolysis and polycondensation:

                                          -Mg-OR + H2O ⇌ -Mg-OH + ROH                                   (2.1)

                                     -Mg-OH + RO-Mg- ⇌ -Mg-O-Mg- + ROH                            (2.2)                                                                                     
                                      -Mg-OH + HO-Mg- ⇌ -Mg-O-Mg- + H2O                            (2.3)                                                                                    
While the sol-gel reactions of magnesium alkoxide in the SCF were the same as those in the conventional solvent, Znaidi et al. also proposed the scheme of formation of the polycondensates from MgL2 (L= acac or acetate):

                                    MgL2 + ROH ⇌ [MgL(OR)(ROH)]n + nLH                               (2.4)                                                                                    
                       [MgL(OR)(ROH)]n + ROH ⇌ [MgL(OR)x(ROH)4-x]n + nLH               (2.5)                                                                                   
The resulting polycondensates were thermally decomposed into cubic MgO with a diameter less than 100 nm at a higher temperature of 450 (C.121
Znaidi et al. also synthesized BaTiO3 powders with a particle size of ca. 10 nm in a semi-continuous process under subcritical and supercritical isopropanol.  There were two steps involved: (1) the hydrolysis of the alkoxide BaTi(O-iC3H7)6 in isopropanol at temperatures 100  200 C in a tubular flow reactor;  and (2) a thermal treatment of the formed solids at a higher temperature than 235 C.122  

In 1997, Hu et al. prepared hydrous zirconia nanoparticles via hydrolysis and controlled hydrothermal condensation of zirconyl inorganic salts, ZrOCl2 and ZrO(NO3)2 in aqueous solution.  The hydrous zirconium oxide particles were porous, cube-shaped aggregates of small crystallites (< 5 nm).  The nucleation and nanoparticle growth were monitored with a dynamic laser light-scattering spectrophotometer.123  

From 1999 to 2000, Zeng et al. prepared Pb-zirconate-titanate (PZT), Pb(Zr0.52Ti0.48)O3,  and barium titanate (BaTiO3) thin films on Si substrates using a sol-gel-hydrothermal technique which involved a combination of a conventional sol-gel process and a hydrothermal method. At a low processing temperature of 100 200 C, the dense and pinhole-free PZT films in single perovskite phase and polycrystalline BaTiO3 were observed using atomic force microscopy (AFM).124-126
In 2000, Shen et al. prepared ZrO2 particles with a diameter of ca. 15 nm by hydrothermal processing of zirconium oxychloride octahydrate (ZrOCl2(8H2O) at 150 C. The clear solution containing ZrO2 sol was spin-coated onto a silicon wafer or glass substrate to form a ZrO2 thin film. The multilayer films were characterized with FTIR, AFM and a laser damage test.127, 128 In the same year, Zhao et al. prepared nanocrystalline zirconia sols (4 nm) with a metastable cubic phase from diglycol-modified zirconium propoxide via the alcohol thermal process.  The chelating bonding of diglycol with zirconium was found to be important in obtaining stable zirconia sols, and the formation of cubic ZrO2 crystals was found due to the template of diglycol and the high alignment of solute oligomers through condensation.  The ZrO2 gel generated from the sols exhibited a mesoporous structure with a pore size of 2.5-3.8 nm and Brunauer-Emmett-Teller surface area of 130-266 m2/g.129
In 2002, Hayashi et al. prepared TiO2 powders with mesoporous structure under various subcritical and supercritical water conditions using titanium isopropoxide (TIP) as a starting material. The synthesized TiO2 powders were used for photocatalytic hydrogen evolution in an aqueous methanol suspension.  Activities per unit surface area were found to be higher from the TiO2 synthesized under supercritical water conditions than those synthesized under subcritical water conditions. This phenomenon was explained by the higher crystallinity of the TiO2 powders under supercritical water conditions.130 In the same year, Yang et al. prepared anatase and rutile TiO2 nanoparticles by means of a hydrothermal treatment of tetrabutylammonium hydroxide-peptized and HNO3-peptized sols at 240°C.131 

In 2003, Parvulescu et al. prepared mixed vanadia-titania-silica catalysts (3 or 6 wt% V2O5, and 16-34 wt% TiO2) in one pot by both sol-gel and hydrothermal methods in the presence of different surfactants, i.e., cetyltrimethylammonium bromide (CTMABr) or octadecyl-trimethylammonium bromide (ODCABr).  Tetraethylorthosilicate (TEOS) was used as the precursor for silica, titanium isopropoxide (TIP) for titania, and vanadyl sulfate for vanadia.  The resulting materials were characterized by N2 adsorption and desorption curves at 77 K, Raman spectroscopy, XRD, XPS, TEM, NH3-DRIFTS, and H2-TPR.132   

In 2004, Tai et al. prepared ZrO2 nanospherical particles using thermal hydrolysis of zirconyl nitrate solution at a temperature at 95 °C. Hydrolysis of ZrO2 salt was confined in the droplets of the water/CTAB/hexanol reverse microemulsion. The particle shape and size distribution varied greatly with both the temperature and composition. However, calcination at 600 °C was required to obtain the tetragonal phase, and the size distribution of the particles was rather large.133   
In 2005, Corradi et al. prepared TiO2 nanospheres with a diameter of ca.10 nm and crystal grains (100 by 50 nm) using microwave hydrothermal treatment of TiOCl2 solution. An enhanced powder crystallinity and decreased processing time was achieved.134 Kang et al. synthesized TiO2 and Bi/TiO2 particles with particle size below 25 nm using a solvothermal method, in which isopropoxide was mixed with ethanol in an autoclave and heated to 200 °C for 10 hours. The resulting materials were characterized with XRD, SEM, UV-visible spectrometry, and the plasma-photocatalytic activity for acetaldehyde was tested.135 

2.3. Direct Sol-Gel Process in CO2
A direct sol-gel process for synthesizing oxide nanomaterials in scCO2 or subcritical CO2 is a promising technique, because of its environmental benignness, and low temperature. There are three approaches for the direct sol-gel process in CO2: (1) using a surfactant to stabilize the dispersion of water in CO2, in which the water droplets react with the alkoxide to start the sol-gel reactions; (2) alkoxides reacting with water without surfactants; and (3) using carboxylic acid instead of water to initialize the polycondensation of the alkoxides to form macromolecules. 

2.3.1. Surfactant-Assisted Hydrolysis

In 1996, Tadros et al. reported the formation of TiO2 nanoparticles in scCO2 by hydrolysis and condensation of titanium alkoxide. Before addition of CO2, the alkoxide and water + anionic fluorinated surfactant, [F(CF2CF2)zCH2CH2O]xP(O)(ONH4)y (where x = 1 or 2, y = 2 or 1, z = 1 – 7), were put in two vials that were located in an autoclave. The surfactant was able to stabilize the tiny water droplets in scCO2 at 45 (C and 1400 psig, and spherical particles of titanium dioxide with low anatase crystallinity were formed.136
In 2003, Stallings et al. performed a more systematic study on the direct sol-gel process of titanium isopropoxide (TIP) in scCO2 by using the same anionic fluorinated surfactant used by Tadros et al.  TIP was injected into water-in-CO2 dispersions using a HPLC pump. Spherical titania particles with a broad particle size distribution (20-800 nm) were obtained. The surface area of the as-prepared material, 100 ~ 500 m2/g, was attributed to the internal porosity of the spherical titania particles, as evidenced by scanning transmission electron microscopy (STEM).  After calcination, the surface area of the as-prepared titania powder at 300 °C in air decreased from ca. 300 to 65 m2/g and increased the mean cylindrical pore diameter from 2.6 to 4.9 nm.97
In 2003, Hong et al. prepared TiO2 nanospherical particles by the direct sol-gel processing of titanium isopropoxide (TIP) in water-in-carbon dioxide microemulsion using ammonium carboxylate perfluoropolyether (PFPE-NH4) as a surfactant. A narrow distribution of particle sizes was observed. The crystallinity and crystallite size of nanoparticles produced increased with an increase of molar ratio of water to surfactant (W0). Room temperature and a pressure of 4000 psig was used.137
Keith Johnson’s group also produced TiO2 spherical particles by the direct sol-gel process of TIP with water in CO2 at 25 °C and 4000 psig in the presence of surfactants, PFPE-NH4 and poly (dimethyl amino ethyl methacrylate-block-1H,1H,2H,2H-perfluorooctyl methacrylate). The particle size was also found to be a function of the molar ratio of water to surfactant headgroup (W0), and the precursor concentration and TIP injection rate as well. The hydrodynamic diameters of the hydrated micelles and particles were characterized using a dynamic light scattering (DLS) measurement, and the larger size of the TiO2 particles compared to the micelles was attributed to surfactant reorganization. As the surfactant remained attached to the particles, coalescence of the particles was prevented.53 

2.3.2. Hydrolysis without Surfactant

In 2003, Reverchon et al. prepared amorphous titanium hydroxide nanoparticles on the pilot scale in scCO2 without the assistance of surfactant. The process was based on the reaction:

                                   Ti(OCH3H7)4 + 4H2O ⇌ Ti(OH)4 + 4C3H7OH                           (2.6)
The reaction was carried out in an autoclave, which had three inlets and one outlet. The inlets were connected with a CO2 supply, a CO2-TIP contactor, a CO2-water contactor, while the outlet led to a liquid separation tank. Since the solubility of water in scCO2 is as low as 0.16% (w/w), while that of TIP is 2% (w/w) at 2200 psig and 40 °C, the flow rates of the CO2-TIP and CO2-water were 9 and 20 kg/h, respectively, to ensure enough water was available for the hydrolysis. The residence time was 180 seconds, which led to complete conversion. The formed particles were separated with the liquid in a downstream separator. The synthesized Ti(OH)4 particles were amorphous and had a narrow particle size distribution.138 
In 2004, Yoda et al. synthesized titania-pillared clay, montmorillonite (MNT) in scCO2. This scheme consists of two steps: (1) ion exchange of interlayer cation by hydrophobic cation, using alkyltrimethylammonium cation in aqueous solution, and (2) the intercalation of a metal alkoxide dissolved in scCO2 followed by hydrolysis with adsorbed water present in the interlayer space. Nano-sized anatase crystal structure was observed in the calcined samples. The titania-pillared clay sample showed potential as a catalytic adsorbent for toxic volatile organic compounds in air.139 
In 2005, Sun et al. grafted mono and bi layers of TiO2 on mesoporous SiO2 molecular sieve SBA-15 via a surface sol-gel process in scCO2. The process involved grafting of TIP onto the surface of the molecular sieve, extraction of extra TIP, followed by hydrolysis of the impregnated TIP with an excess amount of water and calcination. The XPS results confirmed the formation of Ti-O-Si and Ti-O-Ti bonds. The TiO2 grafted SiO2 molecular sieve has potential for photocatalysis and as a catalyst support.140, 141   

In 2006, Jensen et al. prepared anatase titania at a temperature as low as 100 °C in scCO2 by a “seed enhanced crystallization (SSEC) process”. A crystallinity as high as ca. 60% was obtained without downstream calcination. Polypropylene, ceramics, metal fibers and wool fibers were used as seeding materials. To prevent the premixing of the reactants before addition of CO2, TIP and water were injected in the upper third and lower third, respectively, of the seeding material that was loaded into an autoclave. After addition of CO2, the reactants were able to mix and the sol-gel reaction started. The authors claimed a mechanism that water dispersed into CO2 and reacted with TIP sitting on the surface of the seeding material, and the seeding material acted as heterogeneous seeds for the nuclei formation and facilitated the formation of crystalline nuclei. The results were encouraging, however, the proposed mechanism is suspect. As the solubility of TIP is much higher that that of water in scCO2, it is unlikely that water will be “mechanically dispersed with scCO2” while TIP was “homogeneously dispersed” by the seeding material rather than CO2.142 Recently, Jensen et al. studied the growing of TiO2 particles with reaction time using in situ small-angle X ray scattering (SAXS) and wide-angle scattering (WAXS),143 and it was found that the sol-gel process in scCO2 was faster than in the organic solvent.

Recently, Cabanas et al. synthesized highly porous SiO2 aerogels in scCO2 using polystyrene latex particles decorated with methacrylic acid. TEOS or TMOS were used as a precursor reacting with water.144, 145 

2.3.3. Carboxylic Acids as Polycondensation Agents

In 1997, Loy et al. prepared a silica aerogel monolith for the first time by polymerization of silicon alkoxide, tetramethyl orthosilicate (TMOS), with formic acid in CO2 at 40 °C and 6000 psig.77 The results showed that the sol-gel polymerization could be conducted directly in CO2 as solvent by using formic acid as the condensation agent/co-solvent. The resulting materials exhibited a highly porous architecture with both meso- and macropores. Following this idea, Moner-Girona et al. prepared silica aerogel micro-particles by using formic acid as a polycondensation agent in CO2.78
2.4. Summary

The direct sol-gel process in SCFs simplifies the conventional aerogel preparation by using a one-pot synthesis. The crystalline formation in the high temperature autoclave makes it possible to skip the downstream calcination process. Furthermore, the direct sol-gel process in SCFs promises a new route for synthesizing inorganic and hybrid materials with exciting morphologies, such as nanoparticles, films, and mesoporous and pillared materials.

For synthesis of inorganic materials, scCO2 is a promising solvent due to its low critical temperature, and relatively low equipment cost. Supercritical water is also very attractive due to the direct formation of the crystalline phases. Its drawbacks include high operation temperature and corrosion of the autoclave materials. The supercritical alcohols suffer from safety issues, and very strict safety systems are required in the area in which the reactor is located.

Chapter 4.  Materials and Methods

3.1. Outline

In this chapter, the experimental setup used for sol-gel synthesis and characterization methods used throughout this thesis are described. 

The synthesis of the nanomaterials was carried out either in a high-pressure view cell reactor or an autoclave. The high-pressure reactors were connected with CO2 and other liquid supplies, along with having temperature and pressure controllers, and in situ spectroscopy characterization equipment.

Characterization methods of the synthesized materials include: in situ attenuate total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), powder ATR-FTIR, differential scanning calorimeter (DSC), thermogravimetric analysis (TGA), N2 physisorption, X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and scanning transmission electron microscopy (STEM). 

3. 2. Synthesis Setup

For synthesizing a small amount of material, the experiments were carried out in 10 mL or 25 mL view cells made of stainless steel. For larger scale synthesis and in situ analysis, a 100 mL stainless steel autoclave equipped with ATR-FTIR spectrometry was used.

3.2.1. View Cell, Pump, Valves and Connections

View cell. Equipped with sapphire windows, the view cell is ideal for observation of phase equilibrium, particle formation and small-scale material synthesis in SCFs, especially for scCO2.146-148
The body of the view cell is made of stainless steel (Figure 3.1). There are 4 holes with threads on the wall. The big hole is for a pressure transducer, and the three small holes are for a thermocouple, inlet and outlet connections, respectively. The two openings are sealed using a Teflon™ O ring, sapphire window, copper washer and a stainless steel fastening part, respectively. 


[image: image26.png]Cross-Section A-A

Detail B Detail C




                                                         Figure 3.1. The view cell.

Pump. Syringe pumps (ISCO 100 or 260D) were used for pumping CO2 or other liquids into the reactors. There are two modes for pumping operation using the syringe pumps: constant pressure and constant flow. Generally, when CO2 was added into the reactor to initialize the reaction, the constant pressure mode was used; when using CO2 to extract the liquid in the reactor after the reaction, the constant flow mode was used. The operation of the syringe pump was performed through LabView VI control or using the electronic controller provided by ISCO.

Valves, Tube and Connections. The valves and connections for the high-pressure reactors were provided by HIP. The specifications of the parts are:

Taper seal needle valves: 15-11 AF1 (1/16” tube), 15-11 AF2 (1/8” tube, straight), 15-12 AF2 (1/8” tube, angle).

Glands: 15-2 AM1 (1/16” tube), 15-2 AM2 (1/8” tube).

Sleeves: 15-2 A1 (1/16” tube), 15-2 A2 (1/16” tube).

Ball check valves: 15-41 AF1  (1/16” tube), 15-41 AF2  (1/8” tube)

3.2.2. View cell with LabView VI control

A 10 or 25 ml stainless steel view cell was connected with a syringe pump (ISCO 100 DM) for pumping CO2 from a dip tube. The check valve next to the pumps was used to prevent possible back flow from the view cell. Temperature in the view cell was measured and controlled by means of a T-type thermocouple, a heating tape (Omega SRT051-040, 0.5×4 FT) and a temperature controller (Fuji PXZ-4). The pressure was controlled by means of a pressure transducer (Omega PX302-10KGV) and a control valve (Badger-78S), which were connected to a network interface (FieldPoint, National Instruments). The network interface communicated with a computer by means of LabView software (Figure 3.2).
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Figure 3.2. Schematic of experimental setup: (A) computer with LabView Virtual Instrument, (B) FieldPoint by National Instruments, (C) temperature controller, (D) thermocouple, (E) pressure transducer (F) stainless steel view cell equipped with sapphire windows, (G) pneumatic control valve, (H) needle valve, (I) check valve, (J) syringe pump, (K) CO2 cylinder.

3.2.3. Instrumentation

The syringe pump was controlled either by a local controller provided by ISCO or by a computer. A 9 pin 232 serial port and a driver were used for computer control. The driver for pump control was provided by ISCO. 

The pneumatic control valve was controlled using the computer with “Pressure Control VI (Visual Instrument)” designed by the author. The front panel is shown in Figure 3.3, the block panel is provided in Appendix 6, and the software is provided in the attached CD. On the Front Panel, the pressure setpoint can be adjusted by clicking on the arrow buttons either before or during running the virtual instrument (VI). The real pressure is indicated by means of the blue level in the cylinder, the blue dots in the window, or numerically above the window. The real-time status of the pneumatic valve is indicated by means of the round indicator above the valve. The default PID Tuning Parameters were: Prop Band = 40 %, Reset Time = 0.08 min, Deriv Time = 0.02 min.
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Figure 3.3. The Front Panel of Pressure Control. A: switch for automatic or manual control; B: pressure cylinder indicator; C: pneumatic valve open-close indicator; D: pneumatic valve; E: read error out; F: write error out; G: pressure setpoint; H: setpoint and real pressure indicator; I: PID tuning parameters; J: stop button.

The block diagram of pressure control was designed by using LabView 7.0 of National Instruments (Appendix 6). The analog input signals provided by FieldPoint FP-TP-10 channel 2 was translated from mV into pressure unit (psig) and displayed. The signal in engineering units was also transferred to percentage, and then sent to the PID subVI, together with the pressure setpoint. The output of the PID subVI was transferred from percentage into engineering units (mA), and then converted into dynamic data, which was sent to the pneumatic valve via FieldPoint FP-TP-10 channel 1. The instrumentation and configuration are summarized in Appendix 7.

3.2.4. Temperature Controller

In order to control the temperature of the view cells, a Fuji PXW-4 temperature controller and heating tape (Omega SRT051-040, 0.5×4 FT) were used. 

3.2.5. Reactor Equipped with In situ FTIR
Figure 3.4 shows the schematic of the experimental reactor used in this research. Carbon dioxide and precursor were pumped using syringe pumps (ISCO 260D). All feed lines have check-valves to prevent backflow and rupture disks (HIP) for safety in case of over pressurization. The reactor is a 100-mL stainless steel stirred autoclave (Parr Instruments) with a turbine impeller to provide mixing of ingredients. The reactor is heated by a heating mantle, and has an installed pressure transducer (Ashcroft K25F) and a thermo well containing a thermocouple (Parr-A472E2). The reactor temperature was controlled using a digital controller (Parr 4842). 
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Figure 3.4. Schematic of experimental setup: autoclave with online FTIR and GC-MS. (A) computer; (B) FTIR; (C) temperature and RPM controller with pressure display; (D) 100 ml autoclave equipped with diamond IR probe; (E) needle valves; (F) check valves; (G) syringe pump; (H) container for carboxylic acid; (I) CO2 cylinder.
Collection Vessel for RESS Process. 
During the RESS process, particles were sprayed through a variable-volume nozzle (HIP) into a closed stainless steel chamber (home made, Figure 3.5) with a heating jacket (Glas-Col, 102A, 300W) to collect particles sprayed at a constant depressurizing rate. The inlet of the particle collection device was connected to the stirred reactor and the outlet went through a filter (HIP) and was vented to a high velocity fume hood.
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                       Figure 3.5. Schematic of particle collection vessel for the RESS process.

3.3. Synthesis Procedures

Synthesis of SiO2, TiO2 and ZrO2 aerogels. The experimental procedures for synthesizing SiO2 TiO2 and ZrO2 included addition of a carboxylic acid and an alkoxide into the reactor (a view cell or an autoclave), followed by addition of CO2 to a desired temperature and pressure. In the case of synthesis of SiO2 nanoparticles, two methods have been used: (1) quick depressurizing with the particles being collected directly in the autoclave, and (2) using the RESS process, in which the SCF was passed through a nozzle and the particles were generated in the collection vessel as described in Figure 3.5. In the case of synthesizing TiO2 and ZrO2 monolithic aerogels, typically 2-3 days were allowed for aging after the gel was formed. After CO2 extraction and venting, the resulting aerogels were subject to further drying and calcination in air. More details of the synthetic procedures for SiO2, TiO2 and ZrO2 are described in Chapter 4, 5 and 6, respectively. The synthetic procedures for Ti-acetate single crystals are provided in Appendix 8.

3. 4. Characterization Methods

3.4.1. Online FTIR 

IR spectrometry is a type of absorption spectrometry that uses the infrared region of the electromagnetic spectrum, at which frequency chemical bonds vibrate in either a stretching or bending mode. The absorption frequency is determined by the molecular structure. FTIR is an improved technique to make the IR measurements easier and faster, in which the IR beam is guided through an interferometer. A FTIR spectrum is obtained from performing a mathematical Fourier Transform on the interferegram. 

Recent literature has shown that ATR-FTIR spectroscopy is a powerful tool for in situ measurement of concentration, solubility, and supersaturation in crystallization processes for the chemical and pharmaceutical industries.149, 150 ATR spectroscopy uses the phenomenon of total internal reflection. In this technique, the radiation beam is directed onto an angled crystal and reflected within the crystal until it emerges from the other “end”, where it is collected. The depth of penetration, as the beam of radiation penetrates a fraction of a wavelength beyond the reflecting surface, distinctively produces: (1) little to no disturbing interference from the solid particles already present in the solution, or generated by crystallization, and (2) a less intense solvent contribution to the overall infrared spectrum so the solvent spectra can be easily subtracted from the sample spectrum. These characteristics of a small depth of penetration with no sensitivity to solid particles constitute the technical motivation for the employment of ATR-FTIR technology as an online monitoring tool for supercritical crystallization and chemical reactions. Figure 3.6 shows a schematic of the ATR-probe cell used in this thesis. In the ReactIR-4000 main box, there are instrument computer boards, a laser power supply, an IR source, and a detector. A mirrored optical conduit with 25 mm interior diameter is used to transmit the light between the IR source/detector and the diamond probe, which is located at the bottom of the reactor. The diamond probe, with a commercial name DicompTM composition probe, is robust and pressure-rated to 5000 psig (Figure 3.7). 
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                       Figure 3.6. Schematic of the reactor with the ATR-FTIR probe assembly.
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Figure 3.7. Schematic of the DicompTM probe.  Infrared radiation is reflected into the chemically resistant ATR disk that is in contact with the reaction mixture.  The drawing is adapted from ASI.

Beer-Lambert law: The Beer-Lambert law is an empirical relationship that relates the absorption of light to the properties of the material through which the light is traveling.

                                                           A = α×l×c                                                             (3.1)

where, A is the absorbance, α is the absorption coefficient, l is the light path length, and c is the concentration of absorbing species in the solution.151
3.4.2. Electron Microscopy

Electron microscopes, e.g., TEM and SEM, are instruments that use a beam of electrons to examine solid materials and provide the surface and internal imaging on a nanometer scale. Since their commercialization, TEM and SEM have made crucial contributions to the science and engineering of microelectronic devices, and made them indispensable tools for nanomaterials research.152
TEM. More than 70 years ago, Knoll and Ruska invented the TEM to overcome the limitations of the light microscope.152 However, the TEM had not been used for material studies until 40 years ago, when the thin-foil preparation technique was developed. More improvements of the TEM technique in the 1990s provided 0.1 nm of resolution,153 which made TEM an indispensable analysis technique for studying materials in the micron or nano size region. 

When incident electrons interact with a specimen, what could be generated are X-ray, cathode luminescence and six type of electrons: (1) transmission, (2) back-scattered, (3) reflected, (4) secondary, (5) Auger and (6) trapped electrons (Figure 3.8).154 The transmission and scattered electrons are collected for TEM imaging.
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Figure 3.8. Schematic: interactions of a specimen with incident electrons (redrawn from Ref. 154).

TEM is the only technique allowing a 3D observation and quantitative characterization of most kinds of lattice defects. Its high spatial resolution for orientation determination and high resolution of TEM images can be advantageous over SEM for nanomaterial analysis.155 

A TEM such as Philips CM10 has a resolution of 0.5 nm, while a high resolution TEM (HRTEM), e.g., JOEL 2010, is capable of a spatial resolution of 0.194 nm and can provide images with 1024(1024 pixel resolution by using a multiscan digital camera. The diffraction patterns of HRTEM images are also very useful for studying the nanocrystalline phases of metals and nanoceramics.

SEM. Following the invention of the TEM, Knoll went on to develop the first SEM.152 Even though the SEM was invented after the TEM, the maximum resolution of SEM is never higher than that of the TEM. 

In the SEM, a very fine beam of electrons with energies up to several tens keV is focused on the surface of the specimen and scanned across it in a parallel pattern. The intensity of emission of secondary and backscattered electrons is very sensitive to the angle at which the electron beam strikes the surface of the sample.  The emitted electron current is collected and amplified. The magnification produced by SEM is the ratio between the dimension of the final image display and the field scanning on the specimen. Usually, the magnification range of SEM is between 10 to 222,000 times, and the resolution is between 4 to 10 nm. The advantages of SEM include that a relatively large sample can be examined, while TEM can only examine the nanoparticles or thin layers with a thickness in nano size.

It should be mentioned that the specimen might be damaged by the electron-beam sputtering, and focusing for a long time on a small spot of the specimen should be avoided.156  
Both TEM and SEM were widely used in this thesis for studying the nanostructures of metal and oxide nanomaterials.

3.4.3. Crystals and Powder X-Ray Diffraction 

By definition, a crystal is a solid in which the constituent atoms, molecules, or ions are packed in a regularly ordered, repeating pattern extending in all three spatial dimensions. An amorphous material does not have the ordered repeating pattern; however, it may change into a crystalline material upon heat treatment. For instance, when amorphous TiO2 was heated up to 400 °C, either a rutile or an anatase crystalline phase can be formed depending on the particle size.157
Single Crystal. In a single crystal, all atoms in the crystal are related either through translational symmetry or point symmetry. 

Polycrystalline Materials. Polycrystalline materials are made up of a great number of tiny ((m or nm) single crystals.

Unit cell, Tetragonal and Monoclinic

By definition, a unit cell is the smallest repeat unit of a crystal structure, in 3D, which shows the full symmetry of the structure. The unit cell is a box with three sides (a, b, c) and three angles (α, β, γ) (Figure 3.9).
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                                                 Figure 3.9. Schematic of a unit cell of crystals.158
There are seven unit cell shapes: cubic, tetragonal, orthorhombic, monoclinic, triclinic, hexagonal and rhombohedral. 

Tetragonal: a = b ≠ c, α = β = γ = 90°

Monoclinic: a ≠ b ≠ c, α = γ = 90°, β ≠ 90°

The perpendicular distance between pairs of adjacent planes in the crystal is the d-spacing.

For orthogonal crystal systems, i.e., α = β = γ = 90°:
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Where, d is d-spacing; a, b, c are sides of the unit cell; h, k, and l are Miller indices, which are used to describe lattice planes and directions in a crystal. Table 3.1159 shows the crystallographic data of the rutile and anatase TiO2.

                                Table 3.1. Crystallographic data for rutile and anatase.

	Substance
	Structure Type
	Lattice Parameters

(nm)
	Space Group

	Rutile
	Tetragonal
	a = b = 4.593

c = 2.959
	P42/mnm

	Anatase
	Tetragonal
	a = b = 3.758

c = 9.514
	I 42/amd


Powder X-ray Diffraction (XRD) is one of the primary techniques used to characterize solid-state materials such as metal oxides. Powder XRD can provide information about the crystalline structure in a sample even when the crystallite size is too small for single crystal x-ray diffraction.

Bragg’s Law

The X-ray diffraction of a crystal can be formulated by means of Bragg’s law (Figure 3.10):
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where d is d-spacing, 
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 is the incident angle, n is the layer of planes, and 
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is the wave length of the X-rays.160
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                              Figure 3.10. Schematic of X-ray reflection on the crystal planes.

3.4.4. N2 Adsorption/Desorption

N2 adsorption/desorption (physisorption) is an important method for characterization of solid-state materials to determine the surface area and pore structure.

BET Surface Area. When N2 molecules are introduced into a vacuumed system filled with the solid-state sample, the N2 molecules tend to form a thin layer that covers the entire surface of the solid. Using the Brunauer, Emmett and Teller (BET) theory, one can calculate the sample's surface area by means of multiplying the number of monolayer N2 molecules required to cover the solid surface by the cross-sectional area of the N2 molecule. 

The BET equation is written as:
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where, P and P0 are the equilibrium and the saturation pressures of adsorbates at the temperature of adsorption, υ is the adsorbed gas quantity (for example, in volume units), and υm is the monolayer adsorbed gas quantity, c is the BET constant and can be expressed as: 
                                              c = exp 
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where E1 is the heat of adsorption of the first layer, and EL the heat for liquefaction. 

Equation 3.4 is an adsorption isotherm and can be plotted as a straight line, called a BET plot, with P/v(P0-P) on the ordinate and P/P0 on the abscissa according to experimental results. The value of the slope and the y-intercept of the line are used to calculate the monolayer adsorbed gas quantity, vm, and the BET constant, c, respectively.161 An example of a BET plot of N2 adsorption in silica gel at 91 K is shown in Figure 3.11, from which vm and the BET constant c can be determined as 116.2 ml/g and 80.6, respectively.161
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Figure 3.11.  BET plot of N2 adsorption on silica gel at 91 K. The data was obtained from Ref. 161
A total surface area (Stotal) and a specific surface area (S) can be calculated as:
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where, Stotal = total surface area, N = Avogadro’s number, s = adsorption cross section, M = molecule weight of adsorbate, S = specific surface area, and a = weight of sample solid.

BJH Pore-Size Distribution and Pore Volume. According to IUPAC’s definition, the microporous, mesoporous and macroporous materials exhibit pore diameters of less than 2 nm, in the range of 2-50 nm and 50 nm, respectively.162
Addition of more N2 molecules beyond a monolayer of N2 on the surface leads to the formation of multiple layers and capillary condensation. The capillary condensation is believed to be proportional to the equilibrium gas pressure and the size of the pores inside the solid. The Barrett, Joyner and Halenda (BJH) computational method allows the determination of pore sizes from equilibrium gas pressures. The BJH method for calculation of pore size distribution is based on a model of the adsorbent exhibiting cylindrical pores.163 During desorption, a pore loses its condensed liquid adsorbates, known as the core of the pore, at a particular relative pressure related to the core radius by the Kelvin equation (Equation 3.8). After the core evaporated, a layer of adsorbate remains on the wall of the pore. The thickness of this layer can be calculated for a particular relative pressure from a thickness equation. Using this approach, the pore size distribution and pore volume of solid with various pore sizes can be determined.163 
                                  
[image: image45.wmf]k

k

r

r

T

V

P

P

14

.

4

303

.

2

10

316

.

8

2

log

7

0

-

=

´

´

´

´

-

=

÷

÷

ø

ö

ç

ç

è

æ

s

                       (3.8)
where, σ is the surface tension of liquid nitrogen, V is the liquid molar volume of nitrogen, rk is radius of capillary in cm, T is the absolute temperature in K, and 8.316(107 is the gas constant in ergs per degree. 

Hysteresis Loops. After generation of adsorption isotherm and fulfillment of saturation, one can also generate desorption isotherms by withdrawing a known amount of gas from the system in steps. Adsorption and desorption isotherms rarely overlay each other. The resulting hysteresis leads to isotherm shapes that can be mechanistically related to those expected from particular pore shapes. Figure 3.12 shows the classification of hysteresis loops denoted as H1, H2, H3 and H4 by IUPAC. Type H1 and H2 loops were obtained from agglomerated spherical particles and corpuscular systems, respectively, while type H3 and H4 were obtained from slit-shaped pores or plate-like particles.164 
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                Figure 3.12. Classification of hysteresis loops as recommended by the IUPAC.164
It is widely recognized that two mechanisms contribute to the sorption hysteresis that is observed in experimental measurements on mesoporous solids.165 The first mechanism, the single-pore mechanism, is purely thermodynamic in origin and does not relate to the interconnectivity of the pores. In the case of adsorption, the gas phase includes the adsorbed film on the pore wall at a certain pressure P*. However, it is possible for a metastable gas phase to persist beyond P* during the adsorption process, thus a higher pressure is required to reach the adsorbed volume. Similarly, a metastable liquid phase may persist below P* during desorption, thus a lower pressure is required to reach the desorbed volume.165 Due to the existence of the metastable gas or liquid, the adsorption and desorption curves cannot overlay one another, and hysteresis loops are generated. The second hysteresis mechanism is a result of the interconnectivity of the pores. During the desorption process, nitrogen can vaporize only if the pore is in direct contact with the vapor phase. If the pore is not at the surface of the adsorbent particle, nitrogen can only vaporize if an adjacent pore contains vapor.165 The more the pores connect, the smaller the hysteresis loops, and vise versa. 

The relationship between the morphology of the pores and the hysteresis profile has been studied using computational simulations.166-168 Although gas adsorption techniques and the data analysis methods appear to be well established, it is still difficult to evaluate the pore structures accurately, due to the surface heterogeneity and structural heterogeneity of the solid materials.169
3.4.5. Thermal Analysis

Thermal analysis is an important technique for the characterization of solid-state materials, as it provides information on the physical and chemical changes involving endothermic and exothermic processes, temperatures for phase transitions, melting points and crystallization, and the weight loss when the temperature is increased. 

Differential Scanning Calorimetry (DSC). DSC is a thermal analysis technique that is used to measure the heat flows associated with transitions in materials as a function of time or temperature. Such measurements provide qualitative and quantitative information about physical and chemical changes that involve endothermic processes such as melting, and exothermic processes such as crystallization, or changes in heat capacity such as at the glass transition temperature (Figure 3.13).170 DSC can determine the glass transition temperature of polymers and the phase transition temperatures of solids. This makes DSC an indispensable technique for characterization of polymer and oxide materials. 
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Figure 3.13. A schematic DSC curve demonstrating the appearance of glass transition, crystallization and melting.
Thermogravimetric Analysis (TGA). TGA measures any changes of the sample weight with increasing temperature. It can determine: (1) moisture/liquid content and the presence of volatile species, (2) decomposition temperatures, and (3) the rate of degradation. TGA is widely used for characterization of solid materials including polymer, organic, inorganic and composite materials. Especially, TGA can be used to determine the percentage of inorganic fillers in inorganic/polymer composites.

Chapter 5.  Synthesis and Characterization of Silica Aerogel Particles

In this chapter, the synthesis of silica nano spherical particles by a direct sol-gel process in scCO2 is described. Part of this chapter is reproduced from the published article by the author: Synthesis and Formation of Silica Aerogel Particles By a Novel Sol-Gel Route in Supercritical Carbon Dioxide,171 with permission from the Journal of Physical Chemistry B, 108 (32), 11886-11892, Copyright [2004] American Chemical Society.

A new approach for synthesizing SiO2 nanoparticles was carried out in CO2 by polycondensation of silicon alkoxides with carboxylic acids at 40-70 °C and 1300-3000 psig. After formation of SiO2 colloidal particles in the high-pressure vessel, CO2 was vented quickly before gelation, resulting in formation of submicron SiO2 particles in the vessel. By using a nozzle, the supercritical fluid was sprayed into a collection vessel, and SiO2 nanoparticles with a diameter of about 100 nm were prepared.

4.1. Introduction

Because SiO2 has high-temperature stability, biocompatibility, and insulating properties, SiO2 aerogel particles have many potential applications, e.g. catalyst matrixes, chromatography resins, and precursors for ceramic powders for biomaterials.112, 172-174 An aerogel is a gel that has a lower density than the fully condensed form of the material forming it. Aerogels are typically produced by replacing the liquid of a gel by air or another gas without allowing complete collapse of the structure.175 Early work led to aerogels through the use of supercritical fluids to extract liquid, and it led to the hypothesis that the gel structure itself can be preserved in the supercritical drying process.109 SiO2 aerogels are conventionally prepared by hydrolyzing and condensing silicon alkoxides in water and/or organic solvents under ambient pressure with an inorganic acid or base as catalyst, gelating for a long time, then drying in scCO2.115, 176 A route of SiO2 aerogel particle synthesis was previously developed using formic acid to react with tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) in a supercritical fluid. The first monolithic SiO2 aerogel was synthesized by employing this methodology in 1997,177 and M. Moner-Girona et al.178 in 2003 who obtained micron-size spheres and fibers in supercritical acetone, but found it difficult to have separated particles in scCO2 because of agglomeration. Advantages of this route include a shorter time for gel aging, obtaining a dry product directly after CO2 venting, and the ability of the size and morphology of the SiO2 aerogel to be tailored by modifying the temperature, pressure, relative amounts of reactants, and supercritical fluid venting rate. However, the mechanism and kinetics of the reactions are not well understood.

Recent literature has shown that attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy is technically feasible for in situ measurement of concentration, solubility, and supersaturation in crystallization processes for the chemical and pharmaceutical industries.149, 150 The goal of the present work was: (1) to study the particle formation by means of two techniques of (a) destabilizing the sol-gel solution by pressure reduction and (b) the RESS process; (2) to investigate the technical potential and efficacy of ATR-FTIR spectroscopy for the in situ monitoring of solute concentration during the modified aerogel procedure in scCO2; and (3) to study the kinetics of the sol-gel reactions by using in situ FTIR results.

4.2. Experimental Details

Materials. Reagent-grade tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate (TMOS), acetone (HPLC grade), acetic, benzoic acid, and chloroacetic acid were obtained from the Aldrich Chemical Co. (Ontario, Canada), and used without further purification. Formic acid (Aldrich, reagent grade) was further dehydrated by refluxing with phthalic anhydride (Sigma-Aldrich, 99% reagent grade) for 6h and then distilling. Instrument-grade carbon dioxide (99.99%) was obtained from BOC Canada and further purified by passage through columns containing molecular sieves (Aldrich) and copper (II) oxide supported on alumina (Aldrich) to remove excess water and oxygen, respectively. Purified water was produced by using a Barnstead Easypure LFsystem.
Experimental Setup.

The experimental setup was described in detail in Chapter 3. The polycondensation was carried out in both the view cells (Figure 3.2) and the reactor connected with the in situ FTIR (Figure 3.4). 

Polymerization Procedure. To determine the activity of the various acids (acetic, formic, benzoic, and chloroacetic) for catalyzing the condensation reaction, 20-mL of acetone was added to all acids to aid in dissolution (benzoic and chloroacetic acid were not soluble in scCO2 without this cosolvent). The acid, cosolvent, and orthosilicate precursor were added to the autoclave before heating and addition of carbon dioxide. In the second group of experiments, the 0.176 M acid (acetic or formic) was added to the autoclave before heating and addition of carbon dioxide to the desired pressure. Then 0.044 M TEOS (or TMOS) was pumped in with a separate syringe pump. FTIR spectra were obtained in situ. After the reactions were complete, excess carboxylic acid was washed with fresh scCO2 at a fixed flow rate (≈2 ml/min). The results provided were the mean of three separate experiments (n=3), and the error bars represent the standard deviation.

Particle Formation and Collection Techniques. Two techniques for particle formation were employed. One was direct formation of particles in the stirred reactor during depressurization with a fixed CO2 venting rate. For the other one, the RESS process was used, where particles were sprayed through a variable-volume nozzle into a closed stainless steel chamber with heating jacket to collect particles sprayed at a constant depressurizing rate. 

Online Characterizations. In situ FTIR monitoring of solution concentration in the stirred autoclave was performed using a high-pressure diamond immersion probe (Sentinel-ASI Applied Systems). The probe is attached to an ATR-FTIR spectrophotometer (ASI Applied Systems ReactIR 4000), connected to a microcomputer, supported by ReactIR software (ASI) (see Figure 3.7). 

Product Characterization Techniques. Scanning electron microscopy (SEM) measurements were used to determine the size and morphology of particles. These measurements were made at either Surface Science Western on a Hitachi S-4500 FE instrument using an accelerating voltage of 5kV, or at the UWO Photonics and Nanotechnology Laboratory using a LEO 1530 Field Emission Scanning Electron Microscope. Solid aerogel powders were characterized by means of a Bruker Vector 22 FTIR instrument using a MIRacle Single Reflection HATR (Pike Technologies).

4.3. Results and Discussion

4.3.1. In situ FTIR Analysis of the Sol-gel Reactions. 

Figure 4.1 provides a series of traces for a typical experiment in CO2 taken at fixed time intervals, from the in situ ATR-FTIR analysis of the condensation of TEOS using acetic acid. Analysis of the spectra shows that the absorptions at 1066, 923, and 796 cm-1 correspond to the stretching frequency of the Si-O-Si bond from the product,170, 179 whose absorbance increases as the reaction proceeds. The produced SiO2 aerogel powder was further analyzed by a separate offline FTIR instrument, which is designed for measuring solid materials. Figure 4.2 shows the results of this analysis, which confirm the peaks at 1066, 923, and 796 cm-1 in Figure 4.1 belong to the aerogel product, although a slight peak shift can be observed. The in situ FTIR analysis showed that the product peaks were found to increase during the course of the polymerization and then would remain constant if the reaction approached equilibrium, or the saturated concentration of polycondensate was reached. This reaction was repeated in an agitated view-cell reactor, and the solution remained clear during the course of the condensation reaction. As the condensation product is most likely polydisperse with a broad range of molecular weights, it is not possible to directly determine concentration of the molecules by FTIR, only of the actual bond concentration. Analysis of the FTIR spectrum also shows a product peak at 3344 cm-1, which increases during the course of the reaction from the production of the condensate molecule. The condensate molecule is a mixture of H2O and CH3CH2OH. Both the alcohol and water will merge into an indistinguishable broad peak in this range. More detailed in situ IR studies of the sol-gel process will be discussed in Chapter 7.
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Figure 4.1. ATR-FTIR plot of the progress of an aerogel reaction in CO2, where the lines are experimental data: 4.4 mmol TEOS + 22 mmol HOAc + 4.4 mmol H2O at 3000 psig and 60 C from 1 to 7 h at 1-h intervals.
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Figure 4.2. FTIR spectrum of the SiO2 aerogel powder, there are three obvious absorptions (1065, 928 and 797cm-1) in the range between 4000 and 600 cm-1 (The small absorptions at 3294 and 1709 cm-1 are due to water and acetic acid residue respectively). 

4.3.2. Activity of Various Acids

To compare the relative activity of the various acids studied in the condensation of the orthosilicates, the main absorbance from the oxo bond at ~1065 cm-1 was plotted versus reaction time (see Figure 4.3). The results showed that among the four acids, benzoic and chloroacetic acid were the most active in promoting conversion to product. However, several problems make these acids poor candidates for the polymerization agent. First, as we will see later, slower condensation of orthosilicates is preferred to form discrete particles. Second, as both of these acids are solid at room temperature, and as they have poor solubility in CO2, this makes separation from the final product difficult. Both anhydrous acetic and formic acids were less active than the other two acids. 
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Figure 4.3. Effect of acid type on TEOS condensation activity in CO2. The points are experimental data from the ATR-FTIR absorbance at 1066 cm-1 (n = 3). The experimental conditions are 60 °C and 3000 psig, 0.044 M TEOS, 0.176 M acid, and 2.75 M acetone.

Figure 4.4 shows that production of the condensation product could rise remarkably by addition of (a) a small amount of water (TEOS: H2O = 1 ~ 2) or (b) more acid. NMR studies in aqueous sol-gel polymerizations show similar accelerations with increased concentrations of water.180 However, too much water was found to make the reaction rate too high, causing precipitation and agglomeration of aerogel particles. Also, too much acid is not economically feasible and causes downstream separation problems.


[image: image51.wmf]0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

0

50

100

150

200

250

300

350

Time (min.)

Oxo Bond Abs at 1066 cm

-1

TEOS/HAc/Water=1/4/1

TEOS/HAc=1/8

TEOS/HAc=1/4


Figure 4.4. Effect of water and acid concentration on TEOS condensation activity in CO2. The points are experimental data from the ATR-FTIR absorbance at 1066 cm-1 (n = 3). Series 1 (♦) : 0.088 M TEOS + 0.352 M HOAc; Series 2 (■): 0.088 M TEOS + 0.352 M HOAc + 0.088 M H2O; Series 3 (▲): 0.088 M TEOS + 0.704 M HOAc. The experimental conditions are 50 °C and 3000 psig.

4.3.3. Effect of Temperature and Pressure 

Figure 4.5 shows that higher temperatures resulted in significantly higher polycondensation rates. The rate of condensation clearly increases with temperature, indicating the dominating reaction of the sol-gel process is either an irreversible reaction or an endothermal reversible reaction.181 Figure 4.6 shows an interesting effect from experiments varying the reactor pressure. Increasing the reactor CO2 pressure caused lower initial reaction rates, but led to higher final concentrations of the product. The behavior of the curve at 1300 psig was probably due to the lower solubility of the colloidal particles when the pressure was low, which resulted in a lower absorbance of the oxo bond in the CO2 phase.

It should be noticed that the absorbance of the oxo bond peak around 1066 cm-1 is close to the TEOS peaks at 1085 and 1108 peaks, and they may overlapping with one another. This will be further discussed in Chapter 7.
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Figure 4.5. Effect of temperature on TEOS condensation activity in CO2. The points are experimental data from the ATR-FTIR absorbance at 1066 cm-1 (n = 3). The experimental conditions are 3000 psig, 0.088 M TEOS, and 0.352 M acetic acid.
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Figure 4.6. Effect of pressure on TEOS condensation activity in CO2. The points are experimental data from the ATR-FTIR absorbance at 1066 cm-1 (n = 3). The experimental conditions are 50 °C, 0.088 M TEOS, and 0.352 M acetic acid.

4.3.4. Experimental Phase Behavior

Using the view-cell system for the experimental conditions studied, it was found that TMOS, TEOS, acetone, acetic acid, and formic acid were miscible with CO2. Benzoic and chloroacetic acid had poor solubility, but were soluble in CO2 with added acetone cosolvent. When the FTIR experimental conditions were further examined by means of the view cell reactor, it was found that precipitates appeared spontaneously after the silicon alkoxide and 96% formic acid (≈ 4% water) were pressurized with CO2 and heated. Figure 4.7a shows an example of the typical agglomerated micron size spheres that were produced. The situation could be improved by adding excess formic acid as cosolvent in CO2, and by decreasing the concentration of reactants (Figure 4.7b), but precipitation of the products was still inevitable. However, when using anhydrous acetic or formic acid and small amounts of water (water/TEOS = less than 2/1), the fluid remained clear, indicating that the products remained in solution.
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Figure 4.7. SEM of SiO2 aerogel powder. The experimental conditions are: (a) 1.1 mmol TEOS + 7.7 mmol 96% HCOOH in the 25-mL view cell, at 40 °C and 2000 psig; (b) 0.176 mmol TEOS + 2.64 mmol 96% HCOOH in the 25-mL view cell, at 40 °C and 2000 psig.

4.3.5. Particle Formation

Particles were formed either by depressurizing the reactor vessel or expanding the particles using a modified RESS process, into a heated collection chamber. When depressurizing the reactor vessel, particles would form at pressures of approximately 900 ~1000 psig. Results from the view cell observation and SEM showed that separated micro-spheres were formed when the pressure dropped to about 900 ~1000 psig. When using the modified RESS process, the particle size was found to decrease with increasing rate of depressurization and the particles were significantly smaller than those formed from depressurizing the reactor vessel. Generally, a higher venting rate made smaller particles with narrower distributions and lower levels of agglomeration. The particles gathered in the autoclave, spheres in the range between submicron and several microns in diameter (Figure 4.8a), were larger than those formed in the device outside the autoclave by the RESS process (with approximate diameters of 100 nm) (Figure 4.8b).
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Figure 4.8. SEM of SiO2 aerogel powder: (a) collected from the high pressure mixer upon decompression. The experimental conditions are 0.044 M TEOS + 0.176 M HOAc, at 60 °C and 3000 psig; (b) collected using the Rapid Expansion of Supercritical Solutions (RESS) process. The experimental conditions are 0.044 M TEOS + 0.176 M HOAc, at 60 °C and 6000 psig.

4.4. Conclusions

This study of the particle formation process for aerogels in CO2 demonstrated that in situ ATR-FTIR spectroscopy is a valuable technique for studying this high-pressure process. Both anhydrous formic and acetic acid were found to be mild and controllable agents for sol-gel route preparation of SiO2 aerogel particles in CO2. By modifying the ratio of silicon alkoxide, acetic acid, and water, the polymerization rate is tunable and precipitation can be prevented, and therefore agglomeration minimized. Increasing the reaction temperature led to higher rates of reaction and increasing the pressure decreased the rate of reaction. Submicron particle sizes were obtained when the sol-gel solution was destabilized by pressure reduction. Particles as small as 100 nm were formed using the RESS process.

Chapter 6.  Synthesis and Characterization of Titania Nanofibers and Nanospheres

This chapter is reproduced from a letter and an article by the author: Formation of Titania Nanofibers: A Direct Sol-Gel Route in Supercritical CO2, and FTIR Study on the Formation of TiO2 Nanostructures in Supercritical CO2, with permission from Langmuir, 21 (14) 6150-6153, and the Journal of Physical Chemistry B, 110 (33), 16212-16218, respectively, Copyright [2005-6] American Chemical Society. 

This chapter describes a new method to synthesize titania aerogel composed of nanofibers or nanospheres via a sol-gel route in CO2. The aerogel was formed by polycondensation of titanium alkoxides using acetic acid as the polymerization agent in CO2 at 40-70 °C and 2500-8000 psig. The TiO2 morphology was characterized by means of SEM and HRTEM. Depending on experimental conditions, TiO2 anatase nanospheres with a diameter of 20 nm, or TiO2 anatase/rutile nanofibers with a diameter of 10 to 100 nm were obtained. N2 physisorption and powder XRD showed that the nanofibers exhibited high surface areas up to 400 m2/g, and anatase and/or rutile nanocrystallites were formed after calcination.

It was found that fiber formation was enhanced by a higher HOAc/Ti ratio, and the use of the titanium isopropoxide (TIP) precursor. The mechanism of the microstructure formation was studied using in situ FTIR analysis in CO2. The FTIR results indicated that the formation of nanofibers was favored by a titanium hexamer that leads to one-dimensional condensation, while nanospheres were favored by a hexamer that permits three-dimension condensation.

5.1. Introduction

5.1.1. Applications of TiO2 Aerogel and TiO2 Nanomaterials

TiO2 aerogel is a material with significant potential for many applications. As examples, it can be used as a ceramic material,182 an opacifier in dental filler,183, 184 a bone filler,185 a construction ceramic in nanofiltration membranes,186  an anion- and cation-exchange packing material for ion chromatography,187 a catalyst support for oxides and group VIII metals,20, 188-190 a photocatalyst,25, 191-195 a semiconductor for dye-sensitized solar cells (DSSCs) and other applications.196-202 Particularly, TiO2 has been of great interest for energy conversion and photocatalysis since the discovery of its ability for photoelectrolyzing water to produce hydrogen.203 Many efforts were focused on decreasing the band gap energy of TiO2 (3.2 eV) into the sunlight spectrum (0.5 ~2.9 eV) by synthesizing new nanoarchitectures and transition-metal-doped, oxide-coated or nitrogen-doped TiO2.204-207 TiO2 and hybrid TiO2 nanoarchitectures have been extensively prepared by using hydrolytic208, 209 or nonhydrolytic210, 211 sol-gel routes.

5.1.2. TiO2 Synthesis Method

The formation of mesoporous materials as thin films, fibers, spheres or monoliths is of great interest with regard to various applications.212 Titania materials with a variety of morphologies have been reported. Mesoporous powder or film was synthesized via a templating route213-216 or a non-templating route;217 nano-aerogel particles were obtained by stabilizing with surfactants;53 micron size TiO2 fibers were manufactured using electrostatic deposition;218 hollow fibers were produced by electrospinning two immiscible liquids through a coaxial, two-capillary spinneret;219 TiO2 pillared clay structure was developed using scCO2;139 unsupported large-area membranes were also fabricated.220 However, the formation of sol-gel-derived pure TiO2 monolith is rarely reported.221 The reason is that pure TiO2 aerogel is extremely brittle and fluffy. This makes it unsuitable for catalyst supports.95, 222 To solve this problem, TiO2 was either grafted onto other oxides, i.e., SiO2 or Al2O3, to form a composite monolith,223 or was mixed with water into a paste, extruded and calcined to form a hardened extruded catalyst support.224 Suh et al. believed that the brittleness of TiO2 aerogel was due to the fast hydrolysis of titanium precursor and the destabilization of the alcogel.225
The conventional sol-gel route of TiO2 synthesis involves wet-chemistry: dissolving of titanium alkoxide in alcohol and a stabilization agent, controlled hydrolysis of the metal alkoxide with a limited amount of water and a catalyst, i.e. an acid or a base, condensation into polymers, forming colloidal particles sol and three-dimension network wet gel, aging, extraction of alcohol by supercritical fluid, and calcination.226
Since titanium alkoxides are very active with water and tend to form precipitate, they were modified by acetic acid before addition of water to control the reaction rate in the conventional sol-gel route.227, 228 It was believed that a coordination bond was formed between the titanium and the acetate group, so as to decrease the hydrolysis activity.

5.1.3. Ti-Carboxylate Complex 

Ti(VI) is known to be able to form acetate complexes. In the complex, the acetate can potentially coordinate with the metal as a chelating, bridging bidentate or monodentate (Figure 5.1 a, b, and c respectively).229 FTIR is an established technique for analyzing the complexes of metal carboxylate species.230 During in situ FTIR interpretation, we took many benefits from the reports of the synthesis and analysis of Ti-carboxylate complexes in conventional media using single-crystal XRD and IR techniques. Nakamoto and Deacon et al. summarized the IR studies of a variety of metal-acetate complexes having known X-ray crystal structures.229, 230 Figure 5.1 d and e show two examples of titanium hexamer complex structures determined by single crystal XRD.231 The bridging acetate exhibited peaks at 1600, 1580, 1555 and 1445 cm-1 from rutilane shape Ti6O4(OBun)8(OAc)8 1,232 and at 1603 and 1548 cm-1 from hexaprismane shape Ti6O6(OPri)6(OAc)6 2.233 By reacting titanium isopropoxide with a lower amount of acetic acid (with the molar ratio of HOAc/alkoxide = 1.33:1) in CO2, an additional two crystals were also synthesized: 2 and rutilane shape Ti6O4(OPri)8(OAc)8 3.234 The single crystal 2 exhibited peaks of bridging acetate at 1604, 1543 and 1458 cm-1, and 3 showed peaks at 1581, 1560, 1452 and 1410 cm-1. The IR results of the crystals, as summarized in Table 5.1, are important for understanding the formation of TiO2 nanoarchitecture as described later.
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Figure 5.1. Reported structures of TA oligomers with acetate ligands: (a) chelating bidentate; (b) bridging bidentate; (c) monodentate; (d) Ti6O4(OBun)8(OAc)8, rutilane shape; (e) Ti6O6(OPri)6(OAc)6, hexaprismane shape.   (a) ~ (c), Ref.229; (d) and (e) images were modified from Ref.231. The black balls stand for Carbon, the red ones stand for Oxygen, Titanium is in the middle of the octahedrons. 

     Table 5.1. IR absorption peaks corresponding to COO-1 stretching vibration in various acetates.

	Ti-acetate coordination
	νsym(COO)

cm-1
	νasym(COO)

cm-1
	Ref.

	1, Ti6O4(OBun)8(OAc)8, rutilane shape
	1445
	1600, 1580, 1555
	232

	2. Ti6O6(OPri)6(OAc)6, hexaprismane shape
	
	1603, 1548
	233

	
	1458
	1604, 1543
	234

	3. Ti6O4(OPri)8(OAc)8, rutilane shape
	1452, 1410
	1581, 1560
	234


5.2. Experimental Details

5.2.1. Materials 

Reagent grade 97% titanium (IV) butoxide (TBO), 97% titanium (IV) isopropoxide (TIP), 99.7% acetic acid, from the Aldrich Chemical Company, were used without further purification. Instrument grade carbon dioxide (99.99%) was obtained from BOC Canada. 

5.2.2. Experimental Setup

The synthesis of titania nanomaterials was carried out in the 25 mL or 10 mL view cell, or in the 100 mL autoclave equipped with in situ FTIR, as described in Chapter 3.

5.2.3. Preparation of TiO2 Nanoparticles

In a typical experiment, titanium alkoxide (TA) was quickly placed in the view cell, followed by addition of acetic acid and CO2 up to the desired temperature and pressure. A magnetic stirrer system was used for mixing the reaction mixture. An amber transparent homogeneous phase was formed at the specified temperature and pressure (Figure 5.2a). The fluid in the view cell became semi-transparent and turned to dark red (Figure 5.2b) after stirring the reaction mixture from several hours to several days, just before gelation into a white gel. After at least 72 hours of aging, a few venting droplets were placed in a test tube, followed by addition of water and nitric acid. If there was no precipitate formed, this indicated the complete polymerization of TA. In order to remove the unreacted acetic acid and condensation byproducts, i.e. alcohol, ester and water from the gel formed in the view cell, a CO2 wash was conducted. To prevent collapse of the gel network, both the CO2 wash and CO2 venting were conducted carefully in a controlled manner by means of the pneumatic control valve that was fine tuned by the LabView virtual instrument. During the CO2 wash, the syringe pump was operated in a constant flow manner at a rate of 0.5 ml/min until the pump was empty. The pressure of the view cell was maintained at ≈ 6500 psig. When the pump was empty, the pneumatic valve would shut off automatically. The pump was refilled and pressurized to 6500 psig and operated with constant-flow mode again. After the supercritical drying process was finished, CO2 was released gradually by decreasing the pressure in a controlled manner.
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Figure 5.2. Photographs following the reaction in the view cell: (a) start of the reaction; (b) the moment directly proceeding gel-formation.

The prepared TiO2 aerogel was further dried at 120 (C under a vacuum of 508 mmHg for 24 hours, then calcined in air at the desired temperature for 2 hours with a ceramic crucible in a programmable furnace (Thermolyne 1500). The heating rate for each calcination temperature was 10 (C per minute to the set point. The holding time was 2 hours, and the cooling rate to room temperature was 0.5 (C per minute.

5.2.4. Characterization

FTIR. In situ FTIR monitoring of solution concentration in the stirred autoclave was performed using a high-pressure diamond immersion probe (Sentinel-ASI Applied Systems). The probe is attached to an ATR-FTIR spectrometer (ASI Applied System ReactIR 4000), connected to a computer, supported by ReactIR software (ASI). The spectra were collected automatically within the reaction time with specified intervals. 

Solid TiO2 aerogel powder was characterized by means of a Bruker Vector 22 FTIR instrument using a MIRacle Single Reflection HATR (Pike Technologies). The samples were finely ground before FTIR examination.

Thermal analysis. DSC and TGA analysis were performed on a Mettler Toledo DSC822e and TGA/SDTA851e, respectively, at a heating rate of 10 (C/min in nitrogen. 

XRD. Powder XRD was performed either on Bruker D8 Discover Diffractometer with GADDS employing CuKα radiation or on Rigaku-Geigerflex CN2029 employing CuKα1 + Kα2 radiation with a power of 40kV×35mA for the crystalline analysis. The samples were finely ground and spread on a glass substrate.

N2 physisorption. Brunauer-Emmett-Teller (BET) surface area, pore size and distribution were obtained on Micromeritics ASAP 2010 at 77 K. Prior to the N2 physisorption, a sample was crushed into small pieces (without grinding) and degassed at 200 (C under vacuum. 

SEM. SEM micrographs were recorded using either a LEO 1530 or Hitachi S-4500 FE. The samples were crushed (without grinding) and spread on a carbon substrate without gold coating unless specified.

TEM. TEM images and electron diffraction patterns were measured using either a JEOL 2010 operated at 200 kV or Philips CM 10 at 80 kV. The specimens were previously finely ground and then dispersed in distilled water with the help of ultrasonic vibration. A drop of water with dispersed TiO2 powder was placed on a copper grid covered with Formvar® or carbon and dried in the air. 

5.3. Results and Discussion

Either a white opaque monolith with low density (Figure 5.3a) or cracked translucent monoliths with higher density (Figure 5.3b) were formed in the view cell after CO2 venting. The SEM showed that the low-density monolith was composed of nanofiber clusters and the high-density monoliths were composed of nano-spherical particles as described in the SEM result section. Both the low-density monolith and the high-density monolith were easy to be ground into separate fine particles in micron size.
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Figure 5.3. Photographs: (a) the low-density monolith, and (b) the cracked high-density monoliths.

A conversion of 98% was obtained when the reaction was complete based on the amount of starting TA and the weight of calcined TiO2 at 500 °C. Determined by the monolith volume and weight, the typical aerogel apparent densities were approximately 0.13 and 0.20 g/cm3 for the ‘low-density’ monolith and ‘high-density’ monolith, respectively. There were two factors that affected the density. First, a higher initial concentration of the alkoxide was used for synthesizing the high-density monolith than that used for the low-density one. Second, upon scCO2 extraction and drying, the low-density monolith did not shrink, while the high-density monolith shrank noticeably. This can be explained by the microstructure of the aerogels. As described later, the low-density monoliths were composed of randomly-oriented nanofibers and bundles, which were hard to shrink upon drying; while the high-density monoliths were comprised of nanospherical particles, which were easier to shrink by decreasing the interstitial space when the gel was dried. Both the low-density and higher-density monoliths were fragile and easy to be crushed into a fine white powder.

5.3.1. N2 Adsorption/Desorption

The N2 adsorption/desorption technique was employed to study the surface area and the pore structure. The average BET surface area, the single point adsorption total pore volume per gram, and the adsorption average pore diameter (4V/A by BET) of the aerogels formed under different synthesis conditions are summarized in Table 5.2. 

Table 5.2. Results of the reaction of TBO with acetic acid in CO2.

	Sample
	Precursor
	Co a
(mol/L)
	HOAc/TA b
	Tre c
	Pre d
	Tcalc e
	Sbet f
	Dpore g
	VPore h
	Microstructure
	Morphology

	
	
	
	(mol/mol)
	((C)
	(psig)
	((C)
	(m2/g)
	(nm)
	(cm3/g)
	
	

	TiO2-1
	TBO i
	1.5
	4.2
	40
	6000
	N/A
	484
	6.3
	0.76
	20nm spheres
	High-density Monolith

	
	
	
	
	
	
	380
	123
	14.3
	0.44
	
	

	
	
	
	
	
	
	500
	74
	14.5
	0.27
	
	

	
	
	
	
	
	
	600
	62
	14.7
	0.22
	
	

	TiO2-2
	TBO
	1.5
	4.2
	50
	6000
	N/A
	458
	7.2
	0.74
	
	

	
	
	
	
	
	
	380
	114
	14.6
	0.42
	
	

	TiO2-3
	TBO
	1.5
	4.2
	60
	6000
	N/A
	511
	9.6
	1.22
	
	

	
	
	
	
	
	
	300
	309
	10.4
	0.8
	
	

	
	
	
	
	
	
	380
	135
	20.9
	0.7
	
	

	TiO2-4
	TBO
	1.5
	4.2
	70
	6000
	N/A
	285
	8.3
	0.59
	
	

	
	
	
	
	
	
	300
	241
	9.2
	0.55
	
	

	
	
	
	
	
	
	380
	101
	11.6
	0.3
	
	

	TiO2-5
	TBO
	1.5
	4.2
	60
	4000
	N/A
	642
	6.6
	1.1
	
	

	
	
	
	
	
	
	380
	102
	10.0
	0.25
	
	

	TiO2-6
	TBO
	1.5
	4.2
	60
	5000
	N/A
	416
	6.1
	0.64
	
	

	
	
	
	
	
	
	380
	135
	12.4
	0.42
	
	

	TiO2-7
	TBO
	1.5
	4.2
	60
	7000
	N/A
	327
	2.3
	0.45
	
	

	
	
	
	
	
	
	380
	191
	10.3
	0.49
	
	

	TiO2-8
	TBO
	1.1
	4.0
	40
	6000
	N/A
	228
	2.0
	0.12
	
	

	
	
	
	
	
	
	380
	39
	4.5
	0.044
	
	

	TiO2-9
	TBO
	1.1
	4.5
	40
	6000
	N/A
	590
	2.98
	0.44
	
	

	
	
	
	
	
	
	380
	144
	5.22
	0.19
	
	

	TiO2-10
	TBO
	1.1
	5.0
	40
	6000
	N/A
	404
	2.3
	0.23
	1(m rods
	Powder

	
	
	
	
	
	
	380
	68
	4.5
	0.076
	
	

	Sample
	Precursor
	Co a
(mol/L)
	HOAc/TA b
	Tre c
	Pre d
	Tcalc e
	Sbet f
	Dpore g
	VPore h
	Microstructure
	Morphology

	
	
	
	(mol/mol)
	((C)
	(psig)
	((C)
	(m2/g)
	(nm)
	(cm3/g)
	
	

	TiO2-11
	TBO
	1.1
	5.5
	40
	6000
	N/A
	380
	3.7
	0.35
	80nm fibers
	Low-density Monolith

	
	
	
	
	
	
	380
	105
	8.7
	0.23
	
	

	
	
	
	
	
	
	500
	83
	11.1
	0.19
	
	

	
	
	
	
	
	
	600
	61
	13.2
	0.14
	
	

	TiO2-12
	TIP j
	1.5
	4.2
	40
	6000
	N/A
	436
	5.8
	0.63
	10nm fibers
	

	
	
	
	
	
	
	380
	176
	9.6
	0.42
	
	

	TiO2-13
	TIP
	1.5
	4.2
	60
	6000
	N/A
	415
	3.8
	0.39
	
	

	
	
	
	
	
	
	380
	185
	8.8
	0.35
	
	

	
	
	
	
	
	
	500
	77
	11.3
	0.22
	
	

	
	
	
	
	
	
	600
	65
	14
	0.15
	
	

	TiO2-14
	TIP
	1.5
	4.2
	70
	6000
	N/A
	383
	2.7
	0.26
	
	

	
	
	
	
	
	
	380
	109
	6.2
	0.17
	
	

	TiO2-15
	TIP
	1.5
	4.2
	60
	4000
	N/A
	387
	5.3
	0.52
	
	

	
	
	
	
	
	
	380
	232
	7.4
	0.43
	
	

	TiO2-16
	TIP
	1.5
	3.0
	60
	6000
	N/A
	-
	-
	-
	Curled 10 nm fibers
	

	
	
	
	
	
	
	380
	192
	4.8
	0.23
	
	

	TiO2-17
	TIP
	1.5
	3.5
	60
	6000
	N/A
	-
	-
	-
	
	

	
	
	
	
	
	
	380
	164
	7.5
	0.31
	
	

	TiO2-18
	TIP
	1.1
	5.5
	60
	6000
	N/A
	-
	-
	-
	Straight 40nm fibers
	

	
	
	
	
	
	
	380
	133
	8.0
	0.27
	
	

	TiO2-19
	TIP
	1.1
	5.5
	60
	4000
	N/A
	-
	-
	-
	
	

	
	
	
	
	
	
	380
	281
	5.7
	0.4
	
	

	Note: a: concentration of titanium alkoxide; b: molar ratio of acetic acid over the alkoxide; c: reaction temperature; d: reaction pressure; e: calcination temperature; f: BET surface area; g: adsorption average pore diameter (4V/A by BET); h: single point adsorption total pore volume per gram; i: titanium butoxide; j: titanium isopropoxide. 


The as-prepared aerogels (TiO2-1 to –15), which were amorphous as described later, exhibited a high BET surface area of 228 ~ 642 m2/g. After calcination at 380 (C for two hours in air, the surface area of the aerogels decreased to 101 ~ 281 m2/g, except TiO2-8 and –10 which are 39 and 68 m2/g, respectively. The surface areas of TiO2-1, -11 and –12 dropped into 74 ~ 83 m2/g after calcination at 500 (C and into 61 ~ 65 m2/g after calcination at 600 (C. The quick decrease of the surface area is due to the fusion of the solid face and losing of the micropores during heat treatment, as shown later in the isotherm curves. 

The pore diameters of the as-prepared materials were in the range of 2.0 ~ 9.6 nm, and increased to 4.5 ~20.9 nm after heat treatment at 380 (C. The pore volumes of the as-prepared materials were in the range of 0.12 ~ 1.22 cm3/g, and dropped to 0.044 ~ 0.8 cm3/g after calcination at 380 (C. 

The resulting TiO2 exhibited a Type IV adsorption isotherm (see Figure 5.4), indicating the existence of mesopores.164 The high-density monoliths exhibited H3 hysteresis loops, indicating the existence of agglomerated spherical particles.164 Figure 5.4 shows the isotherms of the TiO2-1 samples without and with calcination at different temperatures. The hysteresis loop (a) from 0.45 to 0.80 P/P0 is likely due to the mesopores inside the particles, and the loop from 0.8 to 1.00 P/P0 is assigned to the interstitial porosity due to the agglomeration of the nanoparticles.164 From the as-prepared isotherm, it seems that the mesopores inside the particles made a significant contribution. When curve (a) and (b) are compared, it is observed that the hysteresis loop between 0.4 and 0.7 disappeared after heat treatment at 380 (C. This indicates that the hysteresis loop contributed by the mesopores disappeared after calcination at 500 and 600 (C, the loop less than 0.80 P/P0 disappeared, indicating further loss of the mesopores inside the nanoparticles. The isotherm plots of the TiO2 aerogels, before and after calcination at different temperatures, showed that the H3 hysteresis loop moved to a higher relative pressure with increased calcination temperature, indicating a larger average pore size was generated. 
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Figure 5.4. Isotherms of TiO2-1 high-density monolith: (a) as-prepared and calcined at (b) 380 °C, (c) 500 °C, and (d) 600 °C. 
The low-density monoliths also exhibited H3 hysteresis loops. Figure 5.5 shows the isotherms of TiO2-13 samples without and with calcination at different temperatures. Again, the H3 hysteresis loop from 0.2 to 0.8 P/P0 is due to the mesopores inside the particles (fibers in this case), and the loop from 0.8 to 1 P/P0 is assigned to the interstitial porosity due to the agglomeration of the nanofibers. Like Figure 5.4, after heat treatment at 380 and 500 (C, the hysteresis loop became narrow; after calcination at 600 (C, the loop at less than 0.80 P/P0 disappeared, indicating loss of the mesopores inside the nanoparticles. 
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Figure 5.5. Isotherm: TiO2-13 low-density monolith. (a) as-prepared and calcined at (b) 380 °C, (c) 500 °C, and (d) 600 °C.

5.3.2. SEM

The microstructure of the TiO2 aerogels was carefully examined by means of SEM. The morphology and the size of the nanoparticles were summarized in Table 5.2. The high-density monoliths were found to be composed of nanospherical particles with a diameter of 20 ~ 30 nm, while the low-density monolith was composed of nanofibers with a diameter of 10 ~ 80 nm and a length in the micron range. While the ratio of HOAc/alkoxide has a significant effect on the morphology and size of the aerogel particles, the reaction temperature and pressure show a rather insignificant effect.

The reaction temperature’s effect on the morphology of the aerogel was studied by varying the temperature from 40 to 70 (C, while maintaining the pressure at 6000 psig, the initial concentration of TBO at 1.5 mol/L, and HOAc/alkoxide ratio at 4.2, as shown in Table 5.2 TiO2-1~4. In this temperature range, high-density monoliths composed of spherical particles with a diameter of ca. 20 nm were obtained. The results show that temperature has no obvious effect on the morphology and the size of the aerogel. This is also true when using TIP as the precursor. TiO2-12~14 were prepared at the temperature range of 40 ~ 70 (C, while the other synthesis parameters remained constant, and low-density monoliths composed of fibers with a diameter of 10 nm were obtained.

The reaction pressure’s effect on the morphology of the aerogel was studied by varying the pressure from 4000 to 7000 psig, while keeping the temperature at 60 (C, the initial concentration of TBO at 1.5 mol/L, and HOAc/alkoxide ratio as 4.2, as shown in Table 5.2 TiO2-5~7. In this pressure range, the high-density monoliths composed of spherical particles with a diameter of ca. 20 nm were obtained. When using TIP as the precursor, the pressure was varied from 4000 to 6000 psig while the other synthesis conditions remained constant, no change of the morphology and size was observed, as shown by TiO2-18~19 in Table 5.2.

The ratio of acetic acid/titanium alkoxide has a significant effect on the morphology of the resulting aerogels. Keeping the initial TBO concentration at 1.1 mol/L, the temperature at 40 (C and the pressure at 6000 psig, and varying the HOAc/alkoxide ratio at 4.0, 4.5, 5.0 and 5.5 (mol/mol) resulted in formation of 20 nm spheres, 20 nm spheres, 1 (m rods and 80 nm fibers, respectively (see TiO2-8 ~11 in Table 5.2). When using TIP as the precursor, and the HOAc/alkoxide ratio was varied from 3.0 to 5.5 while the other synthesis conditions remained constant, curled 10 nm fibers and straight 40 nm fibers were obtained (see TiO2-16~18 in Table 5.2). The mechanism of nanostructure formation will be discussed in section 5.3.7.

TiO2 Spheres. Both the as-prepared and the calcined high-density TiO2 monoliths were examined by SEM, and were found to be composed of agglomerated spherical particles. At low magnification, the surface of the high-density monoliths looks rough, even though it looks very smooth by eye. Figure 5.6a shows the surface of a small piece of high-density monolith under a magnification of 4.86 K. At a higher magnification of 67 K, however, it can be observed that the high-density monoliths, either the as-prepared or the calcined TiO2, were composed of fused nano spherical particles, which have an identical diameter of about 25 nm (Figure 5.6b). Here we can also observe the interstitial space between the particles. This agrees with the N2 physisorption isotherms, as described earlier. Also, the nanoparticles seem to be loosely attached, which explains why the monolith can be easily crushed and ground into a fine powder. The powder can be dispersed in anhydrous organic solvents with ultrasonic, so that separate TiO2 nano spherical particles can be obtained.


[image: image61.png]



Figure 5.6. SEM: (a) TiO2-1 monolith at low magnification, and (b) at high magnification. The sample was calcined at 500 °C. The arrows indicate where the mesopores are present.

TiO2 Nanofibers.

Contrasting to the microstructure of the high-density monolith, the low-density monolith is composed of nanofiber clusters. Figure 5.7 reveals the microstructures of the as-prepared TiO2-11 by increased magnification. At low magnification, the monolith looks very porous (Figure 5.7a). At high magnification, the nanofibers with a diameter less than 100 nm are loosely contacted with each other. If the synthesis process was well controlled, especially with caution taken during the CO2 extraction and venting steps, the low-density monoliths exhibited a well-defined nanofiber structure under the SEM.
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Figure 5.7. SEM of as-prepared TiO2-11 monolith at increasing magnification: (a) 50 times; (b) 100 times; (c) 1,000 times and (d) 10,000 times. The arrow indicates where the macropores are present.

SEM images showed that the nanofibers did not break, even after heat treatment at 800 °C for 2 hours. After heat treatment in the temperature range from 300 to 800 °C, no obvious morphology change can be observed by using SEM at low magnification. Under high magnification, however, the calcined TiO2 nanofibers were composed of connected beads, which is different from the relatively smooth surface of the as-prepared TiO2 nanofibers (Figure 5.8a and b). It should be noted that the nanofibers described above were synthesized from TBO. By using TIP instead of TBO as the polymerization precursor, TiO2 nanofibers with a smaller diameter were obtained. Under a low magnification, the aerogel looks like coral (Figure 5.8c). Under a higher magnification, very fine fibers can be observed (Figure 5.8d). The fine fibers form clusters and the clusters are connected with each other to form the monolith. The mechanism of the morphology change will be discussed in section 5.3.6.
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Figure 5.8. SEM: (a) as-prepared TiO2-11; (b) TiO2-11 calcined at 380 °C (the sample was coated with gold to prevent charging); (c) TiO2-13 nanofiber clusters under a low magnification; and (d) TiO2-13 nanofiber clusters under a high magnification. 

It was found that the HOAc/TIP ratio has an effect on the morphology and diameter of the nanofibers. An increasing HOAc/TIP ratio resulted in formation of straight fibers with a larger diameter of 40 nm (Figure 5.9a). A decreasing HOAc/TIP ratio resulted in formation of curled fibers with a smaller diameter (Figure 5.9b).
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Figure 5.9. SEM: (a) TiO2-18 nanofibers with a diameter of 40 nm, calcined at 380 °C; (b) TiO2-17 curled nanofibers, calcined at 380 °C.

TiO2 Rods. The aerogel derived from TBO (TiO2-10) was composed of rods with a diameter of about 1 μm (Figure 5.10a). The surface of the rods is revealed under a higher magnification (Figure 5.10b). It appears that the nanospheres were fused together forming the rods. 
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Figure 5.10. SEM. The TiO2-10 rods calcined at 380 °C: (a) at a low magnification, and (b) at a high magnification. 

As described earlier in the experimental section, complete condensation, so-called aging, is required to achieve desired microstructure. If the condensation is not complete, unreacted titanium alkoxide will be removed while venting CO2, and a mixture of fiber-like bundles and chunks will be produced (Figure 5.11). 
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               Figure 5.11. SEM. The result of scCO2 drying before the complete condensation.

In order to study the effect of CO2 on the formation of the microstructures, the synthesis was also carried out under similar conditions using isopropanol as solvent, instead of CO2, and a sheet-like structure was obtained without scCO2 drying (Figure 5.12). This result shows that CO2 takes a critical role in the formation of nanofibers.
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Figure 5.12. TiO2 synthesized in isopropanol. The synthesis condition: the initial concentration of TIP = 1.1 mol/L, HOAc/alkoxide molar ratio = 5.5, 60 (C. Scale bar: 200 nm.

5.3.3. TEM

Different from SEM images that “scan” the specimen and only provide surface information of the nanomaterials, TEM images can provide more details about the microstructure underneath the surface, and as important, the crystal information.

Figure 5.13 shows the TEM image of TiO2-1 calcined at 380 °C at a low magnification. Both the crystalline and amorphous phases can be observed. HRTEM of the sample provides the reflection pattern of the crystalline phase (Figure 5.20). The d-spacing of 0.35 nm indicates that the (101) lattice plane of anatase is present.235
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Figure 5.13. TiO2-1 nano spherical particles calcined at 380 °C: (a) TEM and  (b) HRTEM. 

Figure 5.14a shows the TiO2 nanofibers with a diameter of 80 nm, which were calcined at 380 °C. The connection between beads can be clearly observed. Figure 5.14b shows the TEM of TiO2 nanofibers with a diameter of 10 nm, in which, connected beads can also be observed. Figure 5.14c shows the HRTEM of the TiO2 nanofibers with a diameter of 10 nm, in which the reflection pattern of anatase can again be observed. Figure 5.14d shows the TEM image of the straight fiber with a diameter of 40 nm. Different from Figure 5.21 ~ 5.23, the fibers are straight and they are not composed of beads. Furthermore, the white spots in the fiber show the presence of mesopores.


[image: image69.png]



Figure 5.14. TEM and HRTEM images: (a) TiO2-11 nanofibers calcined at 380 °C; (b) TEM of TiO2-13 nanofibers calcined at 380 °C; (c) HRTEM of TiO2-13 nanofibers calcined at 380 °C; and (d) TEM of TiO2-18 nanofibers calcined at 380 °C. 

5.3.4. Thermal Analysis

DSC. The DSC analysis on the TiO2 synthesized under different reaction temperatures showed that the reaction temperature had an effect on the aerogel thermal properties. The TiO2 synthesized under a temperature range of 40 ~70 ºC, while other synthesis parameters remained constant, were characterized with DSC. Figure 5.15 shows the thermal behavior of fresh titania aerogels of TiO2-1, -2, -3 and –4, prepared with the initial TBO concentration = 1.5 mol/L, HOAc/alkoxide = 4.2 (mol/mol) at 6000 psig. The endothermal peaks at 100 and 350 °C are due to the evaporation of the organic liquid trapped in the pores and decomposition of the organic groups, respectively. The exothermal peaks are due to the formation of the crystalline phases. The DSC curves at the temperature range of 300 ~ 370 °C are quite complicated due to the formation of the crystalline phase and the quick decomposition at the temperature range, as described later.
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Figure 5.15. DSC of TiO2-1, -2, -3, -4 aerogels synthesized at 6000 psig and different temperature (a) 40 °C; (b) 50 °C; (c) 60 °C; (d) 70 °C. The initial concentration of TBO: 1.48 mol/L, acetic acid/HOAc: 4.15.

From this figure, it is observed that, at 300 °C, the aerogels synthesized at 70 °C (curve d) released more energy compared with those synthesized at lower temperatures, suggesting the formation of more crystallites. The powder XRD results support the DSC results. While the TiO2-1, -2 and –3 remained amorphous after calcination at 300 °C, TiO2-4 exhibited the anatase phase after heat treatment at 300 °C. This result suggests that a lower calcination temperature could be used to obtain the TiO2 crystalline phase, by means of using a higher reaction temperature. 

As described by Jensen, research was carried out to synthesize TiO2 crystals at low temperature, which simplified the synthesis process and required less energy.142 

Although calcination is still necessary for crystallization of the TiO2 spheres and fibers, it is encouraging to see that the calcination temperature could be decreased significantly when the reaction temperature was raised.

TGA.

When the temperature increases, the weight loss of the as-prepared titania aerogel provides information about evaporation of the moisture and decomposition of the aerogel that contains organic groups. A typical TGA result is shown in Figure 5.16. The TGA curve can be divided into 5 sections. From 25 to 90 °C, the curve was flat, indicating no significant organic solvents in the sample. In the temperature region of 90 ~190 °C, a small slope of weight loss is shown, probably due to evaporation of the entrapped water and acetic acid, and decomposition of some organic groups such as the ending alkoxide groups that are easy to be removed. The slope becomes larger in the temperature range of 190 ~ 310 °C and reached its maximum at 310 ~ 370 °C, probably due to the decomposition of acetate bidentate groups. It becomes flat again after the temperature is over 400 °C. The TGA result agrees with the DSC observations.
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                                                 Figure 5.16. TGA of as-prepared TiO2-11.

5.3.5. XRD

The wide-angle powder XRD results showed that the crystalline phase in the TiO2 is particle-size dependent. A larger nanoparticle size facilitated the formation of rutile nanocrystallites, while a smaller nanoparticle size favored the formation of anatase phase. Figure 5.17 shows the XRD patterns of the TiO2 nano spherical particles (with a diameter of 20 ~30 nm) that were synthesized at 60 or 70 °C and calcined at temperature of 300, 380, 500 and 600 °C. 
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Figure 5.17. XRD: amorphous, anatase (a) and rutile (r) phases of the TiO2 mono spherical particles calcined at different temperatures. (A). TiO2-4 synthesized at 70 °C calcined at 300 °C; (B) TiO2-3 synthesized at 60 °C and calcined at 300 °C (B), 380 °C (C), 500 °C (D) and 600 °C (E). The initial concentration of TBO: 1.5 mol/L, acetic acid/HOAc: 4.12, pressure: 6000 psig.

A pure anatase phase could be observed from the TiO2 calcined at 380 and 500 °C. From the sample calcined at 600 °C (Figure 5.17), besides 93.8 % of anatase, 6.2 % of rutile could be observed. The percentage of the crystalline phase was based on Zhang and Banfield’s correlation:157 
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where 
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The results show that anatase was the main crystalline phase at a relatively low calcination temperature (380-600 °C), even though rutile is more thermodynamically stable under ambient pressure compared with anatase and brookite. This might be explained by Zhang et al.’s study that anatase becomes more stable when the nanoparticles are smaller than 14 nm.236, 237
No obvious peaks could be observed from the TiO2-3 synthesized at 60 °C and calcined at 300 °C (Figure 5.17 curve B). However, anatase phase is observed from the sample TiO2-4 synthesized at 70 °C and calcined at 300 °C (Figure 5.17, curve A). This agrees with the DSC results that higher reaction temperatures resulted in lower calcination temperatures for crystallite formation. 

The XRD patterns of the as-prepared and calcined TiO2-11 nanofibers with an average diameter of 80 nm are presented in Figure 5.18. No crystalline phase could be observed from the as-prepared TiO2 aerogel. Rutile phase was obtained after calcination at 380 °C. Polycrystalline phases, rutile and anatase with a ratio of 5.3: 94.7, were obtained after calcination at 500 (C. The only crystalline phase observed was anatase after calcination at 600 (C. However, the anatase phase transferred back into the rutile phase after calcination at 800 (C. The formation of rutile at 380 (C is due both to the larger size of the nanofibers (80 nm) and the fact that the rutile phase is more thermodynamically stable. 
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Figure 5.18. XRD: nanocrystalline TiO2-11, r: rutile, a: anatase (A) as-prepared TiO2-a aerogel, and calcined at (B) 380 °C, (C) 500 °C (D) 600 °C (E) 800 °C.

The TiO2-13 nanofibers with a diameter of around 10 nm were also examined by XRD (Figure 5.19). Similar to the nano spherical particles of 20-30 nm, lower calcination temperature, i.e., 380 (C, resulted in anatase. When the calcination temperature was 600 (C, rutile was formed with a relative percentage of 56 %.
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Figure 5.19. XRD: nanocrystalline TiO2-13, r: rutile, a: anatase (A) calcined at 380 °C, (B) 500 °C (C) 600 °C.

5.3.6. Spheres or Fibers?

ATR-FTIR Measurements
Powder ATR-FTIR spectra of the resulting nanospherical powder (TIO2-1) in Figure 5.20 shows the IR spectra of both the as-prepared (spectrum a) and calcined TiO2 nano spherical particles of TiO2-1 (b-d). The peaks at 1546, 1447 and 1410 cm-1 in Figure 20a are due to a Titanium-acetate complex.238 The small peak at 1343 cm-1 is contributed by the CH3 group.232 Besides the titanium-acetate absorbance, there are also small peaks at 1132, 1117 and 1022 cm-1 corresponding to Ti-O-C, and the ending and bridging butoxyl groups, respectively. The oxo bonds can be observed by the presence of wide bands below 800 cm-1. With increasing calcination temperature (Figure 20a to d), the bidentate acetates, and the ending and bridging butoxyl groups were gradually removed, similar to the TGA observation. At 400 °C (Figure 20d), only the oxo bands can be observed. In addition, with increased calcination temperature, the oxo bands shifted to a smaller wave number, as a possible result of the removal of adjacent organic groups from the oxo-bond network. 
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Figure 5.20. Powder ATR-FTIR spectra of TiO2-1 nanospherical particles. (A) as-prepared, (B) calcined at 200 °C, (C) calcined at 300 °C, (D) calcined at 400 °C of TiO2-1.

In order to investigate the polycondensation reaction process of the two precursors (TIP and TBO) in CO2, in situ FTIR was also utilized. Formation of the Ti-acetate complex, and polycondensation products along with consuming of acetic acid and titanium alkoxide, were observed. Selected IR spectra during the sol-gel process using TIP as the metal alkoxide in CO2, with experimental conditions of TiO2-19, are presented in Figure 5.21. Straight TiO2 fibers with a diameter of 40 nm were produced afterwards. The curve (a) was the spectrum of TIP, and spectra (b) to (e) were taken at a reaction time from 10 to 4320 minutes. Acetic acid consumption can be conveniently observed from the decreasing peak at 1715 cm-1, while the consumption of TIP alkoxide precursor can only be observed from the peak at 860 cm-1, as the other strong peaks of TIP from 950 to 1120 cm-1 are in the fingerprint region of acetic acid, isopropanol and propyl acetate, hence being obscured. At the reaction time of 10 minutes, which is at the initial stage of the polycondensation reaction (spectrum b), the presence of peaks at 1596, 1557 and 1447 cm-1 provided evidence for the formation of the hexaprismane shape Ti6O6(OPri)6(OAc)6 complex 2, (see Table 5.1). After the reaction time of 4320 minutes, the peaks from the complex shifted to lower wave numbers at 1549, 1445 and 1397 cm-1, likely due to the OCO angle change of the bridging acetate, during further condensation of the hexamer. The gradual increasing of the peaks in the region below 800 cm-1 in spectra (b) ~ (e) indicates the formation of oxo bonds. 
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Figure 5.21. (a) IR spectrum of TIP. (b) ~ (e) in situ FTIR spectra of polymerization of TIP with acetic acid, at 60 °C and 4500 psig, initial concentration: TIP=1.1 mol/L, HOAc/TIP=5.5 (mol/mol). Reaction time: (b) 10 min; (c) 230 min; (d) 250 min; (e) 4320 min.

To further examine the role of hexamer formation in fiber growth, Figure 5.22 compares the powder FTIR spectrum of complex 2 previously synthesized in CO2 (molar ratio of HOAc/alkoxide = 1.33:1 and isolated as a crystal) to the in situ FTIR spectrum at 10 minutes polycondensation time using TIP alkoxide with a HOAc/TIP ratio of 3.5. Comparing the peaks in Figure 5.32 at 1604, 1543 and 1458 of the Ti6O6(OPri)6(OAc)6 complex, the peaks at 1603 1543 and 1448 cm-1 of the self-assembling fiber are very close, providing further evidence for the formation of this hexamer in the early stages of the self-assembly process. Curled TiO2 fibers with a diameter of 10 nm were produced under these lower HOAc/TIP ratio conditions.
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Figure 5.22. (a) FTIR spectrum of complex 2 synthesized in CO2. The infrared spectrum was recorded on a Bruker Vector 22 FTIR instrument. The crystals were dispersed in a KBr tablet.  (b). In situ FTIR spectrum of polymerization of TIP with acetic acid, at 60 °C and 4500 psig, initial concentration: TIP=1.1 mol/L, HOAc/TIP=3.5 (mol/mol). 
The polymerization of TBO by acetic acid in CO2 under conditions leading to sphere formation was also examined by in situ FTIR (Figure 5.23). At the reaction time of 10 minutes, the peaks at 1580~1600, 1560 and 1449 cm-1 were observed.  These absorption peaks are similar to those of the previously reported rutilane shape complex Ti6O4(OBun)8(OAc)8 (1 in Table 5.2). After the reaction time of 100 minutes, the peaks from the complex moved to 1547, 1457 and 1420 cm-1 due to further condensation. A large amount of butyl acetate was also produced according to the presence of the peaks at 1243 cm-1, 1368 and 1742 cm-1, due to the higher initial TBO concentration. Figure 5.24 shows the in situ FTIR during the polymerization of TBO by acetic acid in CO2 under conditions leading to fiber formation. At the reaction time of 10 minutes, there were three Ti-acetate bidentate peaks at 1565, 1447 and 1418 cm-1 (Figure 5.24a), which is different from Figure 5.23b, indicating another type of complex being produced. Variation of acid ratio to alkoxide is known to give different hexamer structures.231

[image: image82.png]20

Absorbance

05

1243

In situ IR: formation of spheres

c

e g T3 I g
Wavenurmber (crm')

G

il




Figure 5.23. (a) IR spectrum of TBO. (b) to (e) in situ FTIR spectra of polymerization of TBO with acetic acid, at 60 °C and 4500 psig, initial concentration: TBO=1.5 mol/L, HOAc/TBO=5.0 (mol/mol). Reaction time: (b) 10 min; (c) 100 min; (d) 1280 min; (e) 5840 min.
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Figure 5.24. In situ FTIR spectra of polymerization of TBO with acetic acid, at 60 °C and 4500 psig, initial concentration: TBO=1.1 mol/L, HOAc/TBO=5.5 (mol/mol). Reaction time: (a) 10 min; (b) 100 min; (c) 300 min; (d) 330 min; (e) 5800 min.

Additionally, it is noticeable that lower peaks at 700 ~ 800 cm-1 in Figure 5.23e are lower than those in Figure 5.21e and 5.24e, suggesting less oxo bond being formed during formation of spherical colloidal particles than that of the fibrous equivalent.

Formation Scheme of TiO2 Fibers and Spheres

In order to consider how these FTIR results can shed light on the reaction pathways during polycondensation to nanostructures in CO2, we will consider both the cases where nanofiber formation is favored, and where nanosphere formation is favored. As described above for nanofiber formation using TIP alkoxide, our in situ FTIR results provided evidence for the formation of the titanium-acetate complex 2 at the initial stage of the reaction.  The schematic of the skeletal arrangement of this hexamer is redrawn (omitting the bridging acetate, etc.) for clearer observation (Figure 5.25a). In the structure, all six OPri groups are vertical, with three upward and another three downward. The condensation of this structure can only take place either above or underneath the ending OPri. In other words, one-dimensional condensation is favored with this hexamer, leading to step-growth of straight polymers. 

In the case of spherical nanoparticles formed from TBO alkoxide, the in situ IR results provided evidence for the formation of complex 1 at the initial stage of the reaction. The schematic of the skeletal arrangement of this hexamer is shown in Figure 5.25b, in which there are six ending OBun groups, two upward, two downward, one to the left and one to the right. This structure would easily permit the formation of polycondensate chains with branches. This branching facilitates three-dimensional growth and subsequent formation of spheres.  
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Figure 5.25. Schematic of the skeletal arrangements of complex 2 (R= Pri) (a) and complex 1 (R= Bun) and 3 (R= Pri)  (b). In the scheme, all acetate groups, some of the oxo bonds, and two bridging OR groups are omitted to make the structure simpler.  

The evolution of the macromolecules into nanofibers or nanospheres can be explained by aggregation of rigid colloidal particles as described by Brinker.105 When the straight polymers grow long enough, the solubility decreases and small spherical concentrated regions, called coacervates, are formed to decrease the interfacial energy (Figure 5.26). The arrangement of the macromolecules in the coacervates results in elliptical tactoids, in which the straight polymers are organized due to the interaction among the straight macromolecules. The macromolecules end up with a rigid fiber structure (crystalloid) as observed by electron microscopy. 
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Figure 5.26. Schematic of nanostructure formation.  Polycondensation of complex 2 or 1 led to formation of either straight or irregular-shape macromolecules. Coacervates and tactoids were formed to lower the energy of the macromolecules in CO2, which in turn resulted in the formation of either fibers or spheres.105
As described earlier, both the HOAc/Ti ratio and the alkoxide structure are the primary factors determining whether fibers or spheres are formed. In the case of TBO as a precursor, formation of spherical particles at low acid ratios (e.g. HOAc/TA= 4) was explained due to the skeletal structure of complex 1; however, formation of nanofibers from TBO at higher acid ratios (e.g. 5.5) is more difficult to explain due to the lack of IR and XRD crystal data. For the TIP alkoxide system, increased HOAc/TIP ratios resulted in the formation of fibers with a larger diameter and more straight morphology.  This may be due to the presence of a small amount of complex 3 with 2, which was previously identified in our XRD studies. Similar to complex 1, complex 3 will facilitate 3-dimensional condensation as shown schematically in Figure 5.25. This has the potential to act as a cross-linking agent among the straight macromolecules, which could make the fiber thicker and stronger upon heat-treatment.

5.3.7. CO2’s Effect on the formation of TiO2 Microstructures

The zero interfacial tension of scCO2 maintained the nanostructures and a high surface area of the resulting materials. The acetate group in the complex also likely plays a role in the colloidal stabilization by enhanced solubility of the macromolecules in CO2, analogous to that observed with Beckman surfactants239 or Wallen sugars.240 As well, hydrogen bonding between individual acetic acid molecules241, 242 will slow down the condensation process, facilitating nanofiber formation and minimizing precipitate formation. Further studies on CO2’s effect on the sol-gel process will be described in Chapter 8.

5.4. Conclusion.

As described in the introduction, the reaction between TBO and acetic acid is rather mild, such that these two ingredients could be placed together in the view cell before addition of CO2. It was found that the morphology of the TiO2 aerogel formed in CO2 depends on the starting concentration of the precursor and the molar ratio of acetic acid and TA, while temperature and pressure had little effect. Very low concentration of the precursor facilitates the formation of precipitate. When the concentrations of TBO and acetic acid were as low as 0.031mol/L and 0.26 mol/L, respectively, a precipitate with a surface area as low as 5 m2/g was formed. Very high molar ratios of the acid to the alkoxide and high temperature also facilitate formation of the precipitates. If the concentrations of TBO and acetic acid were 1.10 mol/L and 5.50 mol/L, respectively, the gel time was less than two days under the specified conditions, and mesoporous fiber clusters were obtained. When concentrations of TBO and acetic acid are 1.48 mol/L and 6.12 mol/L, respectively, the gel time is much longer (3-4 days) and TiO2 aerogel monolith was produced.

Comparing with TBO, TIP is much more active with acetic acid. The gelation time was shorter and only a fragile monolith was obtained (as described in Table 5.2), even with a temperature as low as 40 °C.

Different from the conventional sol-gel process, from which the TiO2 aerogel monolith is difficult to be prepared due to the rapid hydrolysis reaction,20 the modified non-aqueous sol-gel method makes it feasible to form a TiO2 monolith. The morphology and the pore size of the aerogel could be tailored by changing the concentration of the starting materials. Aerogels with a higher surface area and crystalline phases could be obtained by increasing the process temperature.

Chapter 7.  Synthesis and Characterization of ZrO2 Nanoarchitectures

This chapter is reproduced from the published article by the author: Direct Synthesis of Zirconia Aerogel Nanoarchitecture in ScCO2, with permission from Langmuir, 22 (9), 4390-4396, Copyright [2006] American Chemical Society.

Similar to the approach of synthesizing titania, ZrO2 nanomaterials were synthesized at 40-50 °C and 6000 psig. Either a translucent or opaque monolith was obtained. The resulting materials were characterized by electron microscopy, X-ray diffraction, thermal analysis, N2 physisorption and infrared spectroscopy analysis. The electron microscopy results showed that the translucent monolithic ZrO2 exhibited a well-defined mesoporous structure, while the opaque monolith formed using added alcohol as a co-solvent was composed of loosely compacted nanospherical particles with a diameter of ca. 20 nm. After calcination at 400 and 500 (C, X-ray diffraction results indicated that the ZrO2 exhibited tetragonal and/or monoclinic phases. In situ infrared spectrum results showed the formation of Zr-acetate coordinate complex at the initial stage of the polycondensation, followed by further condensation of the complex into macromolecules.

6.1. Introduction

Porous zirconia (ZrO2) is an insulation material that has both acidic and basic properties that are desirable for several current applications of interest, including catalyst supports30, 31 and electrodes in dye sensitized solar cells32 and solid oxide fuel cells.33 For catalyst supports, CuO/ZrO2 was used for synthesis of methanol from hydrogen and carbon dioxide,243, 244 Pt/ZrO2 was studied for hydrogenation of formate species,245 and noble-metal/ZrO2 was chosen for NOx removal.246 Zirconia is also a very useful ceramic hardening material, and is often used as a component in composite biomaterials for joint prostheses.34 Due to the interest in zirconia’s unusual properties and wide-spread applications, well-defined mesoporous ZrO2 has been prepared by several techniques including templating213, 247 and evaporation-induced self-assembly (EISA) methods.248 Sol-gel processing followed by supercritical fluid drying has also been used to synthesize ZrO2 aerogels.  This technique normally provides a very porous material with irregular patterned mesopores having a large pore-size-distribution.95, 104 Recently, a well-developed mesoporous structure in the ZrO2 aerogel was reported having a large surface area by calcination in flowing helium at 300 °C and then in flowing oxygen at 500 °C.249
Like several other materials, zirconia nanoparticles are of significant current interest in preparing piezoelectric, electro-optic, dielectric and nanocomposite materials,250-252 and hybrid materials for solid oxide fuel cells.253 Sub-micron and nano spherical particles of ZrO2 have been prepared by several methods including a sol-gel technique utilizing hydroxypropyl cellulose as a polymeric steric stabilizer254 and miniemulsification of molten salts.255 Using a so-called flame spray pyrolysis (ESP) method, spraying of combustible droplets into a CH4/O2 flame, formed ZrO2 particles with a diameter ranging from 6 to 90 nm.48, 256 Thermal decomposition of ZrO(OH)2·xH2O polymer precursor generated ZrO2 particles as small as 12 nm.257 A biosynthesis process using the fungus Fusarium oxysporum developed ZrO2 particles less than 10 nm.219 

This research was motivated by usage of the green solvent, scCO2, and developing a new synthesis method for ZrO2 that allows for material properties appropriate for catalyst preparation, inorganic/organic hybrid nanomaterials, and porous ceramics for biocomposites. The properties of the resulting material that were of interest for these applications were studied, including morphology, particle size, crystal structure, and mesoporous structure. 

6.2. Experimental Details

Materials. Reagent grade 70% Zirconium (IV) Propoxide (ZPO) in 1-propanol, 80% Zirconium (IV) Butoxide (ZBO) in 1-butanol, 99.5% 1-butanol, and 99.7% acetic acid (HOAc), from the Aldrich Chemical Company, were used without further purification. Instrument grade carbon dioxide (99.99%) was obtained from BOC Canada. 
For synthesis, a 10 ml stainless steel view cell was connected to a syringe pump (ISCO 100 DM) for pumping CO2. Temperature and pressure in the view cell were measured and controlled by means of a temperature controller (Fuji), a pressure transducer (Omega) and a control valve (Badger), which communicated with a computer through a network interface (National Instruments). The details of the experimental setup were previously provided in Chapter 3. 

Preparation of ZrO2. In a typical experiment, zirconium alkoxide (ZPO or ZBO) was placed in the view-cell reactor, followed by addition of acetic acid and CO2 up to a temperature of 40 ºC and a pressure of 6000 psig, which is above the supercritical condition of CO2 (Tc =31 ºC, Pc =1070 psig). The amount of zirconium alkoxide and acetic acid added to the view-cell ranged from 5.47 to 11.3 mmol and from 17.6 to 35.1 mmol, respectively (see Table 5.1). A magnetic stirrer was used for mixing the reaction mixture to reach a homogeneous transparent phase. To ensure complete condensation of the precursor, a few drops of the reaction mixture were vented into water, where a white precipitate indicated that further reaction time was required. Normally, several days of aging was required for complete reaction, which is further studied in Chapter 7. In order to remove the unreacted acetic acid and condensate, i.e. alcohol and ester from the gel formed in the view cell, a scCO2 washing step was conducted. After aging, the formed gel was washed continuously using scCO2 at a rate of approximately 0.5 ml/min, followed by controlled venting at 0.5 ml/min to prevent collapse of the solid network. The transparent gel gradually became translucent during the scCO2 washing and venting steps. The as-prepared ZrO2 was then calcined using a heating rate for each calcination temperature of 10(C per minute, to set-point.  The holding time was 2 hours, and the cooling rate to room temperature was 0.5(C per minute.  

Characterization. In situ FTIR was performed on the Sentinel-ASI Applied Systems. Solid ZrO2 aerogel powder was characterized by means of a Bruker Vector 22 ATR-FTIR instrument. DSC and TGA analysis were performed using a Mettler Toledo DSC822e and TGA/SDTA851e, respectively, at a heating rate of 10 (C/min under a nitrogen atmosphere. XRD was conducted utilizing Rigaku-Geigerflex CN2029 employing CuKα1 + Kα2 radiation with a power of 40kVx35mA for the crystalline analysis. BET surface area, and pore size and distribution were obtained using Micromeritics ASAP 2010 at 77 K. Prior to the N2 physisorption, the sample was degassed at 200 (C under vacuum. SEM micrographs were recorded using a LEO 1530 electron microscope without gold coating. TEM images and electron diffraction patterns were obtained using a JEOL 2010f transmission electron microscope. The specimens were ground, and placed on a copper grid covered with holey carbon film. 

6.3. Results and Discussion.

In this direct sol-gel route in CO2, when mixing the Zr alkoxide and acetic acid, a transparent homogenous phase was initially formed which was either clear or yellow, depending on the starting concentrations of the precursor and acetic acid (Figure 6.1a). After stirring the transparent reaction mixture for several hours, the viscosity of the fluid became large enough to stop the stirrer whirling, and either a white opaque phase or a light yellow transparent homogeneous phase was formed (Figure 6.1b) which through ageing turned into a transparent gel (Figure 6.1c). High conversions were typically obtained using this direct sol-gel synthesis method in CO2, approaching 98% based on the weight of starting zirconium alkoxide and calcined ZrO2 product at 500 °C.
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Figure 6.1. (a) The homogeneous transparent phase at the initial stage of the reaction; (b) the formation of the opaque white phase; (c) the formation of the transparent gel in the view cell.

As a precipitate tended to form after mixing acetic acid with zirconium alkoxide in CO2, it was found crucial to select a temperature, pressure and initial concentrations of starting materials to maintain a homogeneous phase before gel formation in order to obtain well-defined nanostructures. A variety of experimental conditions were carried out, and favorable conditions were found using lower temperatures (e.g. 40 (C), higher pressures (e.g. 6000 psig), higher initial zirconium alkoxide concentrations, low acid/alkoxide ratio, usage of ZBO instead of ZPO, and usage of butanol as a cosolvent. The synthesis conditions for the successful and unsuccessful ZrO2 aerogel preparation are summarized in Table 6.1. 

Table 6.1. Synthesis conditions of ZrO2 structures in CO2 and characterization results.

	Samples
	Precursor
	Tre b
	Tre c
	Co d
	HOAc/ZA e
	butanol
	Tcalc f
	Sbet g
	Dpore h
	VPorei
	morphology
	microstructure

	
	
	(°C)
	(psig)
	(mol/L)
	(mol/mol)
	(ml)
	(°C)
	(m2/g)
	(nm)
	(cm3/g)
	
	

	ZrO2-1-APa
	ZPOj
	40
	6000
	1.13
	2.23
	-
	-
	257
	2.9
	0.19
	translucent

monolith
	mesoporous

	ZrO2-1-400
	
	
	
	
	
	
	400
	101
	4.6
	0.051
	
	

	ZrO2-1-500
	
	
	
	
	
	
	500
	51
	7.8
	0.045
	
	

	ZrO2-2-AP
	ZBOk
	40
	6000
	1.13
	2.23
	-
	-
	257
	4.5
	0.29
	translucent

monolith
	mesoporous

	ZrO2-2-500
	
	
	
	
	
	
	500
	52
	9.8
	0.15
	
	

	ZrO2-3-AP
	ZBO
	40
	6000
	1.09
	3.22
	-
	-
	215
	4.9
	0.26
	translucent

monolith
	mesoporous

	ZrO2-3-500
	
	
	
	
	
	
	500
	71
	7.9
	0.19
	
	

	ZrO2-4-AP
	ZBO
	40
	6000
	0.547
	3.22
	5.5
	-
	361
	6.0
	0.54
	opaque

monolith
	nanospheres

	ZrO2-4-500
	
	
	
	
	
	
	500
	75
	12.7
	0.24
	
	

	ZrO2-5-AP
	ZBO
	40
	6000
	0.547
	3.22
	5
	-
	397
	5.7
	0.57
	opaque

monolith
	nanospheres

	ZrO2-5-500
	
	
	
	
	
	
	500
	76
	9.7
	0.14
	
	

	ZrO2-6-AP
	ZBO
	40
	6000
	0.547
	3.22
	4
	-
	399
	5.3
	0.53
	opaque

monolith
	nanospheres

	ZrO2-6-500
	
	
	
	
	
	
	500
	71
	8.7
	0.15
	
	

	ZrO2-7
	ZBO
	50
	6000
	1.13
	2.23
	-
	400
	4.9
	-
	-
	precipitate
	chunks

	ZrO2-8
	ZBO
	40
	6000
	1.13
	3.22
	-
	-
	-
	-
	-
	precipitate
	-

	ZrO2-9
	ZBO
	40
	3000
	1.13
	2.23
	-
	-
	-
	-
	-
	precipitate
	-

	ZrO2-10
	ZBO
	40
	6000
	0.547
	2.23
	-
	-
	-
	-
	-
	precipitate
	-


Note:  a: AP: as-prepared; b: reaction temperature; c: reaction pressure; d: initial concentration of zirconium alkoxide; e: molar ratio of acetic acid over zirconium alkoxide; f: calcination temperature; g: BET surface area; h: adsorption average pore diameter (4V/A by BET); i: single point adsorption total pore volume per gram; j: zirconium propoxide; k: zirconium butoxide.

Although the zirconium alkoxide, acetic acid and CO2 were miscible at the initial stage, two layers were formed after 10~60 minutes of reaction if the synthesis parameters of ZrO2-2 were changed as follows: when the temperature was increased from 40 to 50 °C (ZrO2-7), or the HOAc/ZBO ratio increased from 2.23 to 3.22 (ZrO2-8), or the pressure decreased from 6000 to 3000 psig (ZrO2-9), or decreased initial concentration of ZBO from 1.13 to 0.547 mol/L without butanol as the cosolvent (ZrO2-10). The ZrO2 produced from the lower layer was examined by SEM and N2 physisorption, which showed that the material was badly agglomerated micron-size-spheres and exhibited a low surface area of 4.9 m2/g. Hence, in most experiments, the synthesis parameters were selected at 40 °C and 6000 psig in order to maintain the homogenous phase and the supercritical state. 

SEM and TEM. After calcinations, samples ZrO2-1 to ZrO2-3 were found to produce relatively hard translucent monoliths while ZrO2-2 to ZrO2-4 produced fragile opaque monoliths. The microstructure of these materials was examined by means of electron microscopy. The SEM results showed that the translucent monolith samples exhibited a relatively smooth surface (Figure 6.2a), while the TEM results revealed wormlike mesopores on the thin flakes of the specimen (Figure 6.2b).  The SEM (Figure 6.2c) of the fragile opaque monolith showed that it was composed of loosely compacted nanospherical particles with diameters of approximately 20 nm. The HRTEM of this sample showed the size of the crystallites and reflection pattern of the polycrystalline phases (Figure 6.2d). The d-spacings of 0.37 nm and 0.32 nm correspond (011) and (-1 11) planes of monoclinic ZrO2, respectively.258 The crystallite size of ZrO2-4-500 determined by HRTEM was measured to be 10 nm, which is in agreement with the XRD results estimated using Scherrer’s equation (see below). Figure 6.3 shows the lumber-like precipitate of ZrO2-7.
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Figure 6.2. SEM and TEM images.  The translucent monolith of ZrO2-2-400: (a) SEM and (b) TEM. The translucent monolith of ZrO2-2-400: (a) SEM and (b) HRTEM.
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                                  Figure 6.3. SEM. Precipitate chunks of ZrO2-7.  

N2 Physisorption. The N2 physisorption (77K) was employed to study the surface area and pore structure of the aerogel-like materials. For the various synthesis conditions of this study for as-prepared and calcined ZrO2, the average BET surface area, the single point adsorption total pore volume per gram, and the adsorption average pore diameter (4V/A by BET), are summarized in Table 6.1. The surface areas of the as-prepared translucent monoliths (ZrO2-1 to 3) ranged from 215 to 257 m2/g, while when calcined at 500 °C, decreased to 51 ~ 71 m2/g, likely due to the fusion of the solid network.  The surface areas of the opaque monoliths (ZrO2-4 to 6) were as high as 361 ~ 399 m2/g as-prepared, while when calcined at 500 °C also declined into the 71 ~ 75 m2/g range. Several samples were also heat treated in an inert atmosphere using the technique of Suh and Park,249 however, the surface areas were not found to be noticeably higher. Comparing with the literature, the surface areas of the calcined ZrO2 (Table 6.1) were higher than those obtained using the conventional sol-gel process (48-56 m2/g),259 and lower than those obtained by careful control of sol-gel parameters, i.e., between 69 and 134 m2/g by Ward et al.,260 and between 96 and 145 m2/g by Suh et al..249  

All the resulting aerogel materials in this study (samples 1-6) exhibited a Type IV isotherm, indicating the existence of mesopores.261 The translucent monoliths (samples 1-3) exhibited H2 hysteresis loops (Figure 6.4a), while the opaque fragile monoliths with nanostructure (samples 4-6) exhibited H3 loops (Figure 6.4b).  After heat treatment for both samples, the isotherms: a) showed lower volume of N2 gas adsorbed per relative pressure indicating lower surface areas, and b) moved to a higher relative pressure region, indicating that larger pore sizes were produced. These isotherms were found to be typical for both sets of samples.
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Figure 6.4.  Isotherms of the ZrO2 as-prepared and calcined samples at 500 °C: (a) ZiO2-2; (b) ZrO2-4. See Table 5.1 for the synthesis conditions for ZrO2-2 and -4.

The pore sizes of the experimental samples were in the range of 2.9 ~ 6.0 nm before calcination, and increased to 4.6 ~ 12.7 nm after calcination (Table 6.1) due to the evolution of gas (i.e., CO2 and water vapor) during heat treatment.262 At the same time, the pore volume was 0.19 ~ 0.57 cm3/g before calcination, and was reduced to 0.051 ~ 0.24 cm3/g after calcination, indicating the formation of denser materials. By comparing Figures 6.5a and Figure 6.5b, which show the BJH desorption pore-size distribution, we can see that ZrO2-2 exhibited a smaller pore size and pore-size distribution than ZrO2-4. Careful examination and measurement of the TEM image of ZrO2-2 (Figure 6.2b) shows relatively uniform pores with an approximate accessible diameter of 4.0 nm. This TEM result is similar to the N2 physisorption result (4.8 nm). In the case of ZrO2-4, the pores are formed by the interstitial space between the loose-compact nanoparticles inside the monolith. These pore volumes are larger and more polydisperse than the translucent monolith samples (Figure 6.5b), and can be visualized by electron microscopy in Figure 6.2c. 
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Figure 6.5. BJH desorption pore-size-distributions of the as-prepared and calcined at 500 °C: (a) ZrO2-2; (b) ZrO2-4.  See Table 5.1 for the synthesis conditions for ZrO2-2 and -4.

DSC. The as-prepared translucent and opaque monoliths were examined by means of DSC, which are shown in Figure 6.6a and b for samples ZrO2-2 and ZrO2-4, respectively. The endothermal peaks in Figure 6.5a for ZrO2-2 are at 132 (T1) and 332 °C (T2), while the ZrO2-4 sample shows a weak peak around 100 °C, and a strong peak at 328 °C (T5).  These peaks correspond to the evaporation of the organic solvent trapped in the pores, and removal of the organic groups from the ZrO2 network, which is also shown by the FTIR and TGA results (see below). The exothermal peaks at 464 (T3, tetragonal) and 520 °C (T4, monoclinic) for ZrO2-2, and at 467 °C (T6, monoclinic) for ZrO2-4, indicate the formation or transformation of the crystalline phases, which were recognized by powder XRD analysis as described later. For ZrO2-2, the slope from 400 to 464 °C indicates the development of crystalline phases, and the inflection point at 445 °C suggests the formation of more than one crystalline phase. In contrast to ZrO2-2, ZrO2-4 is flat near 400 °C, indicating there is no significant formation of crystal structure at this temperature. Interestingly, ZrO2-4 exhibited a very sharp exothermal peak (T6) contrasting to ZrO2-2, suggesting a rapid crystallization of nanoparticles at the specified temperature. 
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Figure 6.6. DSC: (a) as-prepared ZrO2-2, T1: 132 °C; T2: 332 °C; T3: 464 °C; T4: 520 °C; (b) as-prepared ZrO2-4, T5: 328 °C, T6: 467 °C. See Table 5.1 for the synthesis conditions for ZrO2-2 and -4. Inset: TGA of the as-prepared ZrO2-2.


The TGA result (Figure 6.6 inset) shows two obvious regions when the temperature was increased: the first region started from 80 °C and ended at 260 °C with a relatively small slope; while the second region started at 320 °C and ended at 490 °C with a large slope indicating more weight loss in this region. This agrees with the DSC results.

XRD. The wide-angle powder XRD patterns of translucent ZrO2-2 calcined at 400 and 500 °C are displayed in Figure 6.7a. Mainly tetragonal phase was found present in the sample calcined at 400 °C while the monoclinic baddeleyite became the main phase after calcination at 500 °C. The tetragonal crystallite size of the ZrO2 calcined at 400 °C is 4.1 ± 0.9 nm, while the monoclinic crystallite size of the ZrO2 calcined at 500 °C is 8.2 ± 1.7 nm. The crystallite size was estimated by using Scherrer’s equation: 

                                                  Dscher = 0.90 λ/(βcos θ)                                                 (6.1)

where, Dscher is the crystallite size, λ the X-ray wave length, θ half the angle of diffraction, and β is the full width at half-height of the diffraction peak, as described in Chapter 3.263 The opaque ZrO2-4 sample consisting of nanospheres, exhibited the similar crystalline phases as the translucent ZrO2-2 when calcined at 500 °C (Figure 6.7b), with a crystallite size of 10.1 ± 2 nm. The main phase in the ZrO2 calcined at 400 °C was amorphous, with a very small amount of tetragonal phase. The XRD results are consistent with the DSC observations. The samples were also examined in the small angle XRD region between 0 and 20 2-theta. No peaks were observed, indicating the mesophases were not in a regular pattern that could be detected using this technique.
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Figure 6.7. XRD patterns: (a) the translucent ZrO2-2 calcined at 400 and 500 °C;  (b) the opaque ZrO2-4 calcined at 400 and 500 °C. Note: (t): the tetragonal and/or cubic Zirconium Oxide; (m): the monoclinic Zirconium Oxide.


FTIR. The as-prepared material, as well as the materials after calcination at 200 ~ 500 °C, were examined by means of ATR-FTIR (Figure 6.8). The peak in the 1500-1600 cm-1 spectral range is due to the asymmetric stretch of acetate bidentates, while the peaks in the 1360-1480 cm-1 spectral range are due to the symmetric stretching of acetate bidentates.264 The small peak at 1342 cm-1 is contributed by CH3 group.  The peaks at 1049 and 1026 cm-1 are due to the ending and bridging butoxyl groups, respectively. The spectra show that there were still organic groups after calcination at 300 °C (Spectra c), and the absorbance drops greatly from 300 to 400 °C (Spectra d).  After calcination at 500 °C, essentially no organic groups remain. The absorbance frequencies of Zr-O-Zr oxo bands (lower than 800 cm-1) decreased noticeably with increased calcination temperature, as a possible result of the removal of adjacent organic groups from the oxo-bond network. The powder IR spectra showed a sudden absorbance decrease when the calcination temperature was increased from 300 °C to 400 °C (Spectra c and d in Figure 6.8), which agrees with the TGA observation.


 
Figure 6.8. ATR-FTIR: ZrO2-2 monolith as-prepared (a) and calcined at (b) 200 °C, (c) 300 °C, (d) 400 °C and (e) 500 °C. 


In situ ATR-FTIR was used to monitor the sol-gel process under actual reaction conditions in CO2. Figure 6.9 curve (a) shows the spectrum of ZPO (w/w 70%) dissolved in propanol. The peaks from 1381 to 1458 cm-1 are due to the stretching and vibration of the aliphatic CH2 and CH3 groups, and the peaks from 1015 to 1160 cm-1 are due to the Zr-OPr groups.265 Spectra (b) - (e) were recorded at different reaction times in CO2. The condensation of ZPO can be observed by the decreasing peak at 1134 cm-1, while other Zr-OPr peaks from 1015 to 1104 cm-1 are in the fingerprint range of n-PrOH, hence obscuring analysis. At the reaction time of 10 minutes (Spectra b), the quick formation of the peaks at 1600, 1567, 1544, 1478, and 1455 cm-1 indicates the formation of a Zr-alkoxo-acetate coordination compounds. Gradual formation of ester during polycondensation can be observed from the peaks at 1239 and 1744 cm-1 due to the reaction of acetic acid and 2-propanol into ester and water (Figure 6.9 b ~ e). At the same time, obvious movement of the acetate bidentate peaks (at the range 1455 ~ 1600 cm-1) can be observed, due to the OCO bond angle and length change during condensation.230 The chemical reactions between zirconium alkoxide and acetic acid will be discussed in Chapter 7. 


 

 ADDIN EN.FIGURE <FIGURE IMAGE = "1846886400Reaction low acet.tif" CAPTION = "(a) FTIR spectrum of 70 % zirconium propoxide in propanol; in situ FTIR spectra:  (b) at the reaction time of 10 min.; (c) 70 min.; (d) 130 min. (e) and 250 min. reaction condition: 40 °C and 5000 psi, initial concentration of ZPO = 1.13 mol/L, HAc/ZPO = 2.23 (mol/mol)."/> 
Figure 6.9. (a) FTIR spectrum of 70 % zirconium propoxide in propanol; in situ FTIR spectra in CO2:  (b) at the reaction time of 10 min.; (c) 70 min.; (d) 130 min. (e) and 250 min. reaction condition: 40 °C and 5000 psig, initial concentration of ZPO = 1.13 mol/L, HOAc/ZPO = 2.23 (mol/mol).



In order to examine the role of CO2 in the sol-gel process, the reaction of zirconium alkoxide with acetic acid was also conducted in butanol, instead of in CO2, under similar synthesis conditions. No gel was formed at 40 (C when ZBO = 1.13 mol/L and the HOAc/ZBO ratio = 2.23. When ZBO = 0.547 mol/L and HOAc/ZBO = 3.22, gel was formed and subsequently dried using scCO2.  However, a relatively low surface area of 35 m2/g was obtained before calcination, and SEM analysis did not show any nanostructure. In addition, increased gel shrinkage was observed providing a very dense material compared to the zirconia synthesized in CO2. Hence, the results show that CO2 played an important role in the nanostructure formation and mesoporous structure. The zero interfacial tension of scCO2 maintained the nanostructures and a high surface area of the resulting materials.113 Acetic acid is known to decrease the hydrolysis rate of metal alkoxides in water by coordination of the acetate group to the metal ions, hence slowing down the sol-gel process, and preventing precipitate formation for TiO2 and ZrO2 aerogels.227, 266 Also, according to Yamamoto et al. and Han et al., there is significant hydrogen bonding between acetic acid molecules in scCO2,241, 242 which will similarly slow down the sol-gel process, hence likely facilitating the formation of uniform nanostructures. The acetate group in the complex also likely plays a role in the colloidal stabilization by enhanced solubility of the polycondensates in scCO2, analogous to that observed with Beckman surfactants or Wallen sugars.239, 240 Further studies on CO2’s effect on the sol-gel process will be described in Chapter 8.

The results in this chapter showed that acetic acid was an excellent reaction agent for producing nanoparticles and mesoporous monolith of ZrO2 in CO2. This research and our former synthesis of TiO2 nanofibers and nanospheres show the promise of this technique for synthesizing nanomaterials, compared to the more challenging conventional aerogel process.  

6.4. Conclusion

The zirconia nanomaterials were synthesized for the first time by a one-step sol-gel route in CO2 using zirconium alkoxides and acetic acid. Both mesoporous monolith and nanoparticles were produced. The as-prepared materials exhibited a high surface area (up to 399 m2/g) and porosity, while the calcined materials demonstrated tetragonal and/or monoclinic nanocrystallites. The mesoporous monoliths exhibited H2 hysteresis loops from N2 physisorption, while the nanospheres exhibited H3 loops. DSC analysis showed that the nanoparticles gave a very sharp exothermal peak.  In situ FTIR was found to be a valuable technique for studying the morphology evolution of the polycondensation reaction. The success in synthesizing ZrO2 nanostructures within the present study, along with our former research on SiO2 and TiO2, shows the promise of using CO2 for producing metal oxide nanomaterials. The low surface tension during scCO2 drying allows the formation of mesoporous oxides that have potential application as porous ceramics for SOFC.

Chapter 8.  Kinetics Study on Direct Sol-Gel Reactions in CO2 by Using In Situ ATR-FTIR Spectrometry

In this chapter, a chemometric method is used to extract pure-component spectra and the concentration profiles from the in situ ATR-FTIR spectra, which were obtained during the sol-gel process of TEOS, TIP and ZBO with acetic acid in CO2. The precursor conversions and the metal complex concentration profiles under different synthesis conditions are discussed.

7.1. Introduction

In previous chapters, synthesis of SiO2, TiO2 and ZrO2 nanomaterials in CO2 were described; however, the kinetics were not discussed. A kinetics study requires rather detailed knowledge of the chemical reactions, e.g. the step-by-step reaction scheme, and the concentration profiles of reactants, intermediates and/or products. By mixing TEOS with acetic acid without a solvent, the possible sol-gel reaction steps have been proposed by Sharp using NMR results:267 

Substitution: 

                                         ≡SiOR + HOAc ⇌ ≡SiOAc + ROH                                     (7.1)
Esterification: 

                                               HOAc + ROH ⇌ AcOR + H2O                                     (7.2)
Hydrolysis: 

                                               ≡SiOR + H2O ⇌ ≡SiOH + ROH                                    (7.3)
Condensation: 

                                             ≡SiOH + ≡SiOH ⇌ ≡SiOSi≡ + H2O                                 (7.4)
Condensation: 

                                              ≡SiOH + ≡SiOR ⇌ ≡SiOSi≡ + ROH                               (7.5)
Condensation: 

                                             ≡SiOH + ≡SiOAc ⇌ ≡SiOSi≡ + HOAc                           (7.6)
Carboxylation: 

                                                 ≡SiOH + HOAc ⇌ ≡SiOAc + H2O                              (7.7)
The chemistry of titanium alkoxides reacting with acetic acid in conventional solvents is also reasonably well understood. Doeuff et al. explained the formation of the Ti hexamer complex through modification, esterification, hydrolysis and condensation.232 The reactions can be generally written as:

Modification: 

                                 Ti(OR)4 + HOAc → Ti6(OAc)m(OR)n + ROH                               (7.8)              

Esterification:                                                            

                                             ROH + HOAc ⇌ ROAc + H2O                                       (7.9)         

Hydrolysis: 

                       Ti6(OAc)m(OR)n + H2O → Ti6(OAc)m(OR)n-x(OH)x + ROH              (7.10)          

Oxolation: 

                        Ti6(OAc)m(OR)n-x(OH)x → Ti6Ox(OAc)m(OR)n-2x + ROH                 (7.11)          

Where, Ti6Ox(OAc)m(OR)n-2x is the hexamer complex.

Zirconium alkoxide reacting with carboxylic acid has also been studied in conventional solvents and the products were characterized by single crystal XRD.268-270 According to the scheme provided by Kickelbick,268 the reaction pathways can be written as:

Modification:

                               Zr(OR)4 + HOAc → Zrm(OR)4m-n(OAc)n + ROH                          (7.12)      

Esterification:

                                               HOAc + ROH ⇌ ROAc + H2O                                     (7.13)          

Hydrolysis:

                   Zrm(OR)4m-n(OAc)n + H2O → Zrm(OR)4m-n-x(OAc)n(OH)x + ROH         (7.14)        

Oxolation:

                   Zrm(OR)4m-n-x(OAc)n(OH)x → ZrmOx(OR)4m-n-2x(OAc)n + ROH             (7.15)           

Further condensation

                                    ZrmOx(OR)4m-n-2x(OAc)n → macromolecules                             (7.16)           

It is noted that water is required for the sol-gel processes. At the initial stage of the reaction, water was generated only through the esterification reaction. With the reactions proceeding, water can also be generated from condensation.

To date, no kinetics study on the reactions between the alkoxides and acetic acid has been reported. For a detailed kinetics study, the concentration profiles of the reactants or products are indispensable. On-line monitoring of a chemical process using vibrational spectrometry, e.g. in situ ATR-FTIR or Raman, is of increasing importance due to the real time analysis of the components in the reactor. However, the collected spectra are often complicated by peak overlapping, and hence cannot be directly analyzed using a conventional peak height or peak area measurement. For instance, the previous in situ ATR-FTIR spectrometry results in Chapters 4-6 have shown that the significant peaks of the precursors are overlapped severely with those of the products. 

In order to calculate the component concentrations from the complicated spectra, mathematical and statistical methods, known as chemometrics, have been used.271 There are two categories of chemometric methods for resolving the spectrometry data: i.e. calibration and self-modeling curve resolution (SMCR). The least squares regression method has also been extensively used in the calibration methods.151, 271 However, in situations when there is an unknown component, or the pure component spectrum for the reference component is not available, the calibration methods cannot resolve the mixture spectra.272 In these situations, e.g. the sol-gel process for SiO2 TiO2 and ZrO2, the SMCR methods are attractive.

The SMCR method uses chemometrics to extract a set of concentration profiles and spectra of pure components from a set of mixture spectra, e.g. in situ IR spectra, without any prior knowledge about the system.273, 274 The first SMCR method was proposed by Wallace in 1960.275 A simple-to-use interactive self-modeling mixture analysis (termed SIMPLISMA), was proposed by Windig of the Eastman Kodak Company in 1991.272, 276 The SIMPLISMA technique has been an effective SMCR method for data analysis in various chemical processes using UV, IR, Raman and NMR spectrometry.277-285 

To describe the chemometric SIMPLISMA technique, consider a reaction system with n components, in which a set of IR spectra collected at different reaction times can be written as a matrix, D. As D is a function of the concentration and the absorbance (Bpure) of each component, it can be expressed as:

                                                               D = C ×B                                                      (7.17)

where D is the known r
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w matrix transformed from a set of in situ IR spectra, C is the to-be-determined r
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n matrix representing concentration coefficients, B is the to-be-determined n
[image: image97.wmf]´

w matrix representing n pure component spectra, r is the number of spectra, and w is the index of wavenumbers.286 

In the IR spectra, the absorbance will change at certain wavenumbers due to the reaction proceeding. The SIMPLISMA method tries to find the highest absorbance standard deviation from the mean value in the IR spectra. The “purity”, qj, is calculated as:
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                                                   (7.18)

where, μj is the mean value of absorbance at wavenumber j, σj is the standard deviation at wavenumber j, and α is an empirical parameter called offset, which is added to the mean value in order to suppress the noise in the region where the absorbance is close to zero. Typical values for α range from 1-5 % of the maximum μj for the conventional method; for the second-derivative method as described later, however, α is normally selected as 20 %.276, 287 

A pure variable is defined as the wavenumber where only one component contributes to the absorbance. The first ‘pure variable’ is selected as the wavenumber that has the highest qj value. Then other pure variables are selected, which are independent of the first variable. The absorbances of the pure variables from all components in matrix D are used to calculate matrix C using the linear correlation of the Beer-Lambert law described in Chapter 3. With the known matrices D and C, Matrix B can be calculated using a least-squares regression method.272, 276, 286 

In the second-derivative method, the calculated matrix B was used to recalculate a new C denoted as C’ using a least square approximation. Thus the matrix C’ provides the second-derivative concentrations. Consequently, the second-derivative pure component spectra B’ can be obtained using matrices D and C’. It was found that the second-derivative method was effective when the conventional pure-variable approach could not give satisfactory results.276, 287 It should be noted that SIMPLISMA cannot calculate the absolute concentrations of the components. In the case when quantitative solution is necessary, an independent calibration of the system should be performed for every component of interest. The advantages of SIMPLISMA modeling include: knowledge about the pure component spectra are not required, the purity and resolved spectra are visualized, and the overlapped IR peaks can be resolved.272 More details about SIMPLISMA modeling are described in Appendix 9.

In this chapter, the SIMPLISMA method is used for modeling the in situ IR spectra collected during the direct sol-gel process in CO2, and the resulting concentration-time curves are discussed. In addition, a curve-fitting method was also used to study the in situ IR spectra. The curve-fitting procedure consists of modeling an experimental spectrum using a sum of Gauss peak functions with a least residual sum of squares. The residual sum of squares refers to the residual sum of squared differences between the calculated spectrum and the original experimental data. 

7.2. Experimental

In Situ IR Collection. The experiments were carried out in the 100 mL autoclave equipped with ATR-FTIR, as described in Figure 3.5 of Chapter 3. In the case of SiO2 aerogel synthesis, the temperature and pressure were controlled in the range of 40 – 60 °C and 1300 – 3000 psig, respectively, and the initial concentrations of TEOS and acetic acid were 0.088 M and 0.352 M, respectively. In the case of TiO2 aerogel synthesis, the temperature and pressure were at 60 °C and 4500 psig, respectively, and the initial concentrations of TIP and acetic acid were 1.10 M and 3.85 M (or 6.05 M), respectively. In the case of ZrO2 aerogel synthesis, the temperature and pressure were at 40 °C and 4500 psig, respectively, and the initial concentrations of ZBO and acetic acid were 0.547 and 1.76 M, respectively. In situ FTIR spectra were collected automatically using the ASI Applied System ReactIR 4000, at fixed intervals from 600 to 4000 cm-1 with a resolution of 2 cm-1. 

Modeling. The curve fitting and SIMPLISMA modeling were carried out using the ACD UVIR Processor Version 8.0 software (ACD Inc., Toronto, Ontario). The Gaussian peak profile was used for curve fitting, and the limit of the half-peak width was set at 150 cm-1 for a better curve fit. The input spectra were not smoothed or pre-processed other than the declared cut-off of the inactive region. During SIMPLISMA modeling, the offset α was set as a default at 20 %.

7.3. Results and Discussion

7.3.1. Conversion of TEOS

Figure 7.1 shows the three-dimensional in situ FTIR spectra collected during TEOS reacting with acetic acid in CO2, which shows a gradual growth of the water peak at 3343 cm-1 and oxo bond peak at ~ 1066 cm-1 during the reaction times of 0-360 minutes.
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Figure 7.1. Three-dimensional in situ FTIR spectra: 0.088 M TEOS reacting with 0.362M HOAc in CO2 at reaction times of 0-360 minutes and at 50 ºC and 3000 psig. 

Self-Modeling. In order to decrease the interference from other components, a region of the spectra in Figure 7.1 was selected where the interested component exhibits significant peaks. In the case of TEOS and SiO2, the most significant peaks of Si-OEt are in the region of 750 -1250 cm-1. This spectral region is now ready for the self-modeling process (Figure 7.2). 
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Figure 7.2. In situ FTIR spectra of 0.088 M TEOS reacting with 0.362M HOAc in CO2 at reaction time of 0-360 minutes and at 50 ºC and 3000 psig.  

Using the conventional SIMPLISMA, without second-derivative processing, no reasonable result was obtained, indicating that the pure variables do not exist for all components. By using the second-derivative, however, the SIMPLISMA process generated two resolved pure-component spectra and the concentration profiles (the statistics of the modeling is provided in Appendix 10). The resolved pure-component spectra match those of TEOS and SiO2 (Figure 7.3 a and b), indicating that the self-modeling was successful. The resulting relative concentration profiles of TEOS and SiO2 are shown in Figure 7.4. From this figure, it can be noticed that after a reaction time of 280 minutes, the Si-OEt bond concentration remained constant, while the product’s concentration still increased. As described in the introduction section, the Si-OEt bond converts into Si-acetate and Si-OH intermediates (Reactions 7.1 and 7.3) or directly converts into oxo bond (Reaction 7.5) during the polycondensation process. The intermediates can still produce oxo bond when the Si-OEt concentration becomes very low and maintains constant, typical of a condensation type polymerization. 
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Figure 7.3. Comparison of the self-modeling resolved spectra with (a) TEOS and (b) SiO2 aerogel spectra. The spectra of TEOS in (a) and SiO2 in (b) were experimentally collected by means of ATR-FTIR.
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Figure 7.4. The relative concentration profiles obtained from the self-modeling method. The source IR data was obtained at 50 °C and 3000 psig, and the initial concentrations of TEOS and acetic acid was 0.088 and 0.362 M, respectively.

By applying the self-modeling method to the IR spectra that were collected at different reaction temperatures and pressures, the Si-OEt concentration profiles were obtained. The resulting Si-OEt concentration profiles were subsequently transferred into the conversion profiles versus the reaction time (Figures 7.5 – 7.6). It should be noted that the absolute concentration of Si-OEt is not necessary for calculation of the Si-OEt conversion. At a reaction time of zero, the relative concentration of Si-OEt is at a maximum. The Si-OEt conversion at the reaction time t can be calculated using Equation 7.19. 

                                                  Conversion = (C0  - Ct)/C0                                         (7.19)

where, C0 and Ct are the relative concentrations of Si-OEt when the reaction time is zero and t, respectively. 
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Figure 7.5. Temperature’s effect on the precursor conversion within a reaction time of 0-360 minutes. The initial concentration of TEOS and acetic acid was 0.088 and 0.362 M, respectively, and the pressure was 3000 psig.
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Figure 7.6. Pressure’s effect on the precursor conversion within a reaction time of 0-360 minutes. The initial concentration of TEOS and acetic acid was 0.088 and 0.362 M, respectively, and the temperature was 50 °C.
From the conversion-time curves in Figures 7.5-7.6, some conclusions can be made: the 100 % conversion of Si-OEt was never reached before a reaction time of 360 minutes under the given synthesis conditions, which is similar to the conventional sol-gel process where water was used as a reaction agent and an alcohol as a solvent;105 the reaction was favored by the higher reaction temperature and the lower reaction pressure. The temperature’s effect on the conversion indicates that the main reaction for Si-OEt consumption (the forward reactions in Equations 7.1, 7.3, and 7.5) is either an irreversible reaction or an endothermal reversible-reaction according to the Arrhenius equation (Equation 1.1), where a higher temperature results in a higher conversion. However, the pressure’s effect is difficult to be explained using transition state theory (Equation 1.2) without knowledge of which step is dominating the consumption of Si-OEt.83, 288 Although the effect of temperature and pressure on the oxo bond formation has been studied in Chapter 4, the results in Figure 4.5 and 6 may be complicated due to the overlapping of the IR peaks, as described earlier; on the other hand, the conversion of TEOS in Figures 7.5-7.6 are more reliable, because these results are based on the pure component concentrations.

It should be pointed out that these results were obtained at a relatively low initial concentration of TEOS, when there was no precipitate formed in the view cell, which was crucial to produce SiO2 nanoparticles.171 The low concentration resulted in a low absorbance and consequently a higher error for the calculated results. 

7.3.2. Concentration Profiles of Ti-Acetate and TiO2 Aerogels

Figure 7.7 shows the three-dimensional in situ FTIR spectra during polycondensation of TIP with acetic acid at the reaction time of 10–3720 minutes. It can be observed that the product peaks experienced a sudden increase, which was due to the condensation kinetics, as will be explained further later. Figure 7.8 shows the two-dimensional spectra in the region of 600-1880 cm-1, in which a sudden increase of the product peaks can again be observed. The self-modeling was first carried out in the region of 800 – 1400 cm-1 where TIP exhibits significant peaks, and no spectrum of TIP was resolved from the mixture spectra. This indicates that the substitution of TIP with acetate was fast, and free TIP disappeared in a reaction time of less than 10 minutes, as the first spectrum was collected at 10 minutes.
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Figure 7.7.  The three-dimensional in-situ FTIR spectra of 1.10 M TIP reacting with 3.85 M HOAc within a reaction time from 10 to 3720 minutes in CO2. The reaction temperature and pressure were 60 ºC and 4500 psig, respectively.
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Figure 7.8. In situ FTIR spectra of 1.10 M TIP reacting with 3.85 M HOAc in CO2 within a reaction time from 10 to 3720 minutes, at 60 ºC and 4500 psig. The arrows show the absorbance change trend.

Due to the high initial concentrations of TIP and HOAc, the in situ IR spectra in Figure 7.8 show strong peaks of Ti-acetate bidentates in the region of 1400–1650 cm-1, where the self-modeling was carried out and two resolved spectra (Figure 7.9-7.10) and the concentration profiles (Figure 7.11) were obtained. Figure 7.9a (the black curve) shows one of the resolved spectra and the curve-fitting results. In this figure, the deconvoluted peaks are labeled as 2 or 3, which match the spectra of Ti6O6(OPri)6(OAc)6 (2) and Ti6O4(OPri)8(OAc)8 (3) in Figure 7.9b and c, respectively. This result indicates that mixed hexamers were formed during the sol-gel process. The formation of 2 or 3 hexamers from TIP and acetic acid in CO2 has been described in Chapter 5. The second resolved spectrum is close to that of the TiO2 aerogel (Figure 7.10), but the resolved peaks in the range of 1350-1600 cm-1 are wider than the aerogel peaks. The peak broadening in the resolved spectrum is probably due to the Lewis acid-Lewis base interaction between the acetate and the Lewis acids (e.g., acetic acid, isopropanol and CO2),289, 290 which are more fully described in Chapter 8. Saturation of the IR probe may also contribute to the peak broadening, as the peak absorbance was very high (Figure 7.8).


[image: image107.png]Absorbance

07

05

01

3: THO(OPF:(0AC): /1455

1 ThO(OPF)e(OAC) 1450

1 e

a0

g} TR TED TG T T
Way enumber (crmi')




Figure 7.9.  FTIR. (a) The black curve is one of the resolved spectra from in situ IR and the curve-fitting results, the residual sum of squares: 4.02E-8; (b) and (c): the spectra of single crystals of 2 and 3, respectively. Note: the black curves = experimental or resolved IR spectra; the pink curve = the fitting curve; blue curves = the individual Gaussian function curves; and the red curve = the residual curve. The number 2 and 3 denote Ti6O6(OPri)6(OAc)6 and Ti6O4(OPri)8(OAc)8, respectively.
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Figure 7.10.  (a) The other resolved spectrum from the in situ IR spectra, which is attributed to the aerogel product, and (b) TiO2 aerogel spectrum.

The relative concentration profiles of the hexamer mixture and the TiO2 aerogel are shown in Figure 7.11. In the initial stage of the reaction, the hexamer concentration increased until the maximum was reached and then decreased gradually; after a critical point at 1800 minutes, a significant reduction in the concentration occurred at the reaction time of 1800–2040 minutes, followed by gradual decreasing. The product concentration experienced the identical, but opposite trend. 
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Figure 7.11. The relative concentration profiles during TIP reacting with HOAc in CO2 within a reaction time from 10 to 3720 minutes, at 4500 psig and 60 ºC; the initial concentration of TIP and HOAc was 1.10 and 3.85 M, respectively.

Similar concentration profiles can be observed in Figure 7.12 where a higher acid/TIP ratio was applied, and the difference between Figure 7.12 and 7.11 is a shorter time for the sudden concentration change. In this case, the critical point was at a reaction time of 230 minutes, likely due to the higher acid/alkoxide ratio increasing the rate of reactions. 
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Figure 7.12. The relative concentration profiles during TIP reacting with HOAc in CO2 within a reaction time from 10 to 610 minutes, at 4500 psig and 60 ºC; the initial concentration of TIP and HOAc was 1.10 and 6.05 M, respectively.

According to Figures 7.11 and 7.12, the formation of the product was accompanied with the consumption of the hexamers. 
The phenomenon of a sudden change of concentration profiles was consistent with the phase observations obtained using the view cell reactor. The phase change can be described as four separate stages: (1) the initial phase was transparent with a light amber color during the first few hours to more than one day depending on the synthesis conditions; (2) the solution became red and translucent likely due to the growing and agglomeration of the colloidal particles,291 with this stage being relatively short, i.e. from 40 minutes to two hours; (3) it became opaque with white particles appearing, and the stirrer bar being still movable; and (4) the stirrer bar becoming immobile. The stages 1 to 4 correspond to the formation of hexamers, colloidal particles, larger particles and gel, respectively, which agrees with the in situ IR observations. According to the concentration profiles, the colloidal particle formation stage was abrupt, which likely happened in stage (2).

As the condensation of the metal complexes (in this case they are a mixture of complexes 2 and 3) can only take place on the OR group, the reactions for formation of the macromolecules can be written as:

Hydrolysis:

                      MxOy(OAc)z(OR)n+ H2O → MxOy(OAc)z (OR)n-1(OH) + ROH         (7.20)
Condensation 1:

MxOy(OAc)z (OR)n-1(OH) + MxOy(OAc)z(OR)n → M2xO2y+1(OAc)z(OR)2n-2 + ROH 

                                                                                                                                    (7.21)
Condensation 2:

                     2 MxOy(OAc)z (OR)n-1(OH) → M2xO2y+1(OAc)z(OR)2n-2 + H2O          (7.22)
Water is known to react with titanium alkoxides very quickly to form titanium oxide.292 From Equations 7.20-7.22, it can be anticipated that the process will be dominated by the reactions that generate water, since water was absent at the initial stages of the process. A hydroxylated metal complex MxOy(OAc)z(OR)n-1(OH) can react with either a nonhydroxylated MxOy(OAc)z(OR)n or another hydroxylated complex. Two cases will be discussed, as described below. 

Case 1: if the nonhydroxylated complexes are more active, Condensation 1 (7.21) is close to or faster than condensation 2 (7.22). In this case, at the initial stage of the reaction when the concentration of the hydroxylated metal complexes is still low, they will have a higher possibility to react with the nonhydroxylated complexes, which generates alcohol. The alcohol slowly reacts with acetic acid and generates both water and an ester, and the water reacts with another nonhydroxylated complex. In this case, the kinetics is controlled by the slow esterification reaction that generates water, and a gradual reaction process can be anticipated. 

Case 2: if the nonhydroxylated complexes are inactive, Condensation 1 (7.21) is much slower than condensation 2 (7.22). In this case, at the initial stage when the concentration of the hydroxylated metal complexes is still low, they do not have many possibilities to react with one another. Thus, a very slow start of the reactions can be expected. However, after a certain reaction time when the concentration of the hydroxylated complexes reaches a certain level, they are able to react with one another significantly and generate a large amount of water. Subsequently, the water will react quickly with more nonhydroxylated complexes and accelerate the reaction, leading to the concentration profiles shown in Figures 7.11 and 7.12, which are similar to self-catalysis reaction profiles described in the literature.293
Based on the above discussion, it can be rationalized that, during hydrolysis and condensation of the Ti complexes 2 and 3 into the colloidal particles, Condensation 1 should be much slower than Condensation 2. 

7.3.3. Concentration Profiles of Zr-Acetate and ZrO2 Aerogels

Similar to the sol-gel chemistry of titanium alkoxides, when zirconium alkoxides react with acetic acid, they form zirconium acetate complex structures, in which there is unreacted ending alkoxide groups (-OR). Then, the alkoxide group is hydrolyzed and condensated with other metal-OH or metal-OR to form oxo bond, as shown in Equations 7.20-7.22.

The three-dimensional in situ FTIR spectra collected during ZBO reaction with acetic acid in CO2 are shown in Figure 7.13, from which a gradual increase of water and product peaks can be observed. Figure 7.14 shows the two-dimensional spectra in the region 1300-1650 cm-1, where a gradual formation of product peaks can be observed. 
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Figure 7.13.   Three-dimensional in situ FTIR spectra during the direct sol-gel process of ZBO with acetic acid within a reaction time of 10-1330 minutes, at 40 °C and 4500 psig. The initial concentration of ZBO and acetic acid was 0.547 and 1.76 M, respectively.
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Figure 7.14.  Two-dimensional in situ FTIR spectra during the direct sol-gel processing of ZBO with acetic acid within a reaction time of 10-1330 minutes, at 40 °C and 4500 psig. The initial concentration of ZBO and acetic acid was 0.547 and 1.76 M, respectively. The arrows indicate the absorbance change trend.

Using the SIMPLISMA technique, similar to the cases of TIP as described earlier, no spectrum of ZBO was resolved from the mixture spectra in the region of 800 – 1300 cm-1 where ZBO exhibits significant peaks. This indicates the substitution of ZBO with acetate was also very fast. In the region of 1300–1650 cm-1, both the resolved component spectra and the concentration profiles were obtained (Figures 7.15 and 7.16). 

[image: image113.png]Ahsorbance

0000

oo

Iracetate
gl

7102 aerogel
product

14537

55 800

e

5 1450
‘Way enumber (c)

a0

T30




 Figure 7.15.  Two resolved spectra from the in situ IR spectra by means of SIMPLISMA modeling. One spectrum is attributed to the Zr-acetate complex and the other to the ZrO2 aerogel.
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Figure 7.16.  The relative concentration profiles of Zr-acetate complex and the condensation product during the direct sol-gel processing of ZBO with acetic acid in scCO2 with a reaction time of 10-1330 minutes, at 40 °C and 4500 psig. The initial concentration of ZBO and acetic acid was 0.547 and 1.76 M, respectively. 

From the concentration profiles, one can see that the consumption of the Zr-acetate complex and formation of product were gradual, which was different from the case of TIP reacting with acetic acid. The kinetics of the process can be explained by case 1 (described above), where Condensation 1 is close to or faster than Condensation 2. The different kinetics between the Ti complexes and the Zr complexes can be explained by the different activity of the metal complexes. As described in Chapter 5 and 6, when the acid/Ti alkoxide ratio was 5.5, well-defined nanostructures were synthesized; on the other hand, when the acid/Zr alkoxide ratio was above 3.22, precipitate was produced. This indicates that both the Zr alkoxides and complexes are more active than the Ti alkoxides and complexes. As discussed earlier, the more active the complexes, the more likely the kinetics are similar to Case 1, i.e. controlled by the esterification reaction. 
7.4. Conclusion

The in situ ATR-FTIR spectrometry was analyzed using the curve fitting and the self-modeling method, and the concentration profiles during the direct sol-gel process in CO2 were obtained. The resulting relative concentration profiles of the precursors, complex structures and products are of importance for understanding the direct sol-gel process in CO2. According to the calculated concentration profiles, the activities of TEOS, TIP and ZBO precursors with acetic acid were significantly different. For instance, the reactivity of TEOS was much lower than that of TIP and ZBO. Less than 100 % conversion from TEOS to SiO2 was obtained in 360 minutes at 60 °C. On the other hand, the Ti and Zr complexes were formed in 10 minutes at 60 and 40 °C, respectively, indicating that these precursors were more reactive. Additionally, the condensation kinetics of the Ti and Zr complexes was different: the consumption of the former was abrupt after a critical point, and that of the latter was gradual through the sol-gel process. The different kinetics can be explained by the activity of the complexes and the competition of the two condensation reactions.

Chapter 9.  Stabilization of the Colloidal Particles in CO2
In this chapter, the interaction between CO2 and the colloidal particles is studied using both the approaches of ATR-FTIR spectrometry and solubility parameter methods based on Fedors’ equations. The study results show that the acetate group is CO2-philic and the SiO2, TiO2 and ZrO2 colloidal particles containing an acetate group can be stabilized in CO2.

8.1. Introduction

Due to the lack of polarity and dipole moment, scCO2 or subcritical CO2 is a poor solvent for most polar solutes and macromolecules. However, CO2 has a large quadrupole moment and a polar C=O bond, making a variety of materials soluble in scCO2.294 The interaction between CO2 and small molecules or polymers has been studied by ab initio calculations295, 296 and FTIR spectroscopy.289, 297, 298 CO2 may behave as both an electron acceptor and donor.290, 296 For example, the interaction of CO2 and the carbonyl functional group has been found to consist of a Lewis acid and Lewis base attraction (LA-LB) between the partial positive carbon of CO2 and the lone pairs of the carbonyl oxygen.289 As well, the C-H(((O hydrogen bond between CO2 and the LB site has been attributed to the high solubility of polymers with a carbonyl moiety in CO2.290 

Understanding the nature of the interactions between colloidal particles and CO2 is of importance to design and synthesize well-defined oxide nanoarchitectures during the sol-gel process in scCO2 and subcritical CO2. During the synthesis of SiO2, TiO2 and ZrO2 nanoarchitectures in CO2 in the earlier part of this work, in situ FTIR spectra were used to study the mechanism and kinetics of the sol-gel processes. Figure 8.1 shows the in situ FTIR spectra during the alkoxides reacting with acetic acid, in which the absorbance peaks in the region of 1400-1600 cm-1 indicate the formation of M-acetate bidentates (M= Si, Ti, and Zr).229 Similar to the carbonyl group, the acetate bridging and chelating bidentate group may donate electrons to CO2 and result in LA-LB interactions (Figure 8.2). Because of the high intensity of bulk CO2 and interference of the organic species, it is not possible to directly observe LA-LB interactions between CO2 and the M-acetate group through the in situ IR spectra. Our strategy was to use ATR-FTIR to study the CO2-impregnated sol-gel product, i.e. TiO2 and ZrO2 aerogels, with the acetate bidentate groups. 
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Figure 8.1. In situ IR spectra: (a) 1.3 M TMOS reacting with 5.3 M HOAc in CO2 at a reaction time of 360 minutes, at 50 °C and 4000 psig; (b) 1.10 M TIP reacting with 3.85 M HOAc in CO2 at a reaction time 40 minutes, at 60 °C and 4500 psig; and (c) 0.547 ZBO reacting with 1.76 M HOAc in CO2 at a reaction time of 40 minutes, at 40 °C and 4500 psig. 
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Figure 8.2. Schematic drawing of possible LA-LB interactions between CO2 and (a) the bridging acetate bidentate, (b) the chelating acetate bidentate, and (c) the acetate monodentate.  M: Si, Ti or Zr.

To study the interaction between CO2 and the colloidal particles semi-quantitatively, the solubility parameter method was used. The solubility parameter (
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) is defined as the square root of the cohesive energy density (
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Solubility parameters provide a simple approach to predict the solubility behavior of the components, based on the knowledge of the individual components alone.300 As a result, solubility parameters have been widely used for correlating the interactions of solutes and solvents. For instance, the solubilities of Cu(II) and Cr(III) complexes in scCO2 have been studied using the Hildebrand equation and a group contribution method;301 the low solubility parameters of siloxane and fluoroalkyl groups were partially attributed to their CO2-philicity.302 In this chapter, Allada’s method and mixing rules were used to estimate the solubility parameters of CO2 and the solvent mixture, respectively.303, 304 The solubility parameters of macromolecules were estimated using Fedors’ group contribution method.305 Using the solubility parameter approach, the previous experimental conditions for stabilizing the colloidal particles can be justified.

8.2. Experimental 

The TiO2 and ZrO2 aerogel particles (denoted as a-TiO2 and a-ZrO2, respectively) were synthesized using the methods previously described (Chapters 5 and 6). A-TiO2-A and a-TiO2–B aerogel were synthesized using 1.10 M titanium(IV) isopropoxide and 1.10 M titanium(IV) butoxide polycondensated with 4.95 M and 6.05 M acetic acid, respectively, at 40 (C and 6000 psig of scCO2. A-ZrO2 was synthesized using 1.13 M zirconium butoxide reacting with 2.52 M acetic acid at 40 (C and 6000 psig of scCO2. Since aerogels are well-known to adsorb significant quantities of water or organic solvents that also interact with CO2, special attention was made to dry the aerogels. ScCO2 drying and vacuum drying at 120 (C and 0.8 pa was conducted until the IR spectrum showed no traces of water peaks at 3000-3600 cm-1. Samples of the dried aerogels were calcined at 500 (C to obtain oxides. 

The dried aerogels, with and without calcination, were studied using ATR-FTIR spectroscopy (ReactIR 4000, ASI Applied System Inc.). The experimental setup was described in detail in Chapter 3. Since the ATR-FTIR can only detect materials a few microns from the mirror, the absorbance peaks of powder is low. In order to obtain significant peaks, the aerogel powder was pressed against the diamond mirror by using the agitation shaft with a rubber disk in between (Figure 8.3). The spectra of the pure aerogels were collected before addition of CO2. Then, the temperature and pressure were kept at 40 (C and 4000 psig for 30 minutes after addition of CO2. Because of the strong absorbance of bulk CO2, which prevents clear observation of CO2 interacting with the aerogel, FTIR spectra were collected 1 minute after venting of CO2 from the autoclave when adsorbed CO2 was still present. FTIR spectra were collected from 600 to 4000 cm-1 with a resolution of 2 cm-1. The subtraction and curve fitting of the IR spectra were obtained using ACD UVIR Processor version 7.0 software (ACD Inc. Toronto, Ontario). The curve fitting was processed by assuming a Gaussian peak profile, and the limit of the half-peak width was set as 80 cm-1 for a better curve fit.
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Figure 8.3. Schematic drawing of ATR-FTIR analysis. The aerogel powder was pressed against the diamond mirror to obtain higher absorbance peaks.

8.3. Results and Discussion

8.3.1. FTIR Spectroscopy and LA-LB interaction

Figure 8.4 shows the spectra of both the pure and CO2-impregnated aerogels of a-TiO2-A, a-TiO2-B and a-ZrO2. In the spectra, the peaks in the region of 1400-1600 cm-1 are attributed to M-acetate bidentate,229 those at 1325-1346 cm-1 to hydrocarbon groups,306 that at 1118 cm-1 to M-O-C, those at 1025-1026 cm-1 to bridging OR groups,228 and those lower than 900 cm-1 to oxo bonds. In the spectra of CO2-impregnated a-TiO2-A, a-TiO2-B and a-ZrO2, besides the peaks from the pure aerogels in the region of 680 –1680 cm-1, there are new peaks at 668, 654, 649 and 648 cm-1. The very sharp peak at 668 cm-1 is due to free CO2, while the relatively wide peaks in the 642-654 cm-1 region are the overlapping results of ν2 bending vibration of the impregnated CO2 and vibration of the oxo bonds.289 


[image: image121.png]Absorbance

aTiOzA 1450

aTiogB 1418
15271455

18540

728

6547

o8

1642

3 1050 ED

Wavenumber (cm-1




Figure 8.4. The ATR-FTIR spectra of (a) a-TiO2-A, (b) a-TiO2-B and (c) a-ZrO2 before addition of CO2 (black) and at one minute after venting of CO2 (red).

In order to examine the vibration wavenumbers of the impregnated CO2, subtraction of the corresponding aerogel spectrum is necessary. Figure 8.5 presents the spectra of CO2 impregnated in the aerogels after the subtraction and the curve-fitting results. The peaks in the region of 630–665 cm-1 were attributed to CO2 ν2 vibration splitting. Understanding the complex peaks requires a careful consideration of the electronic structures of metal-acetate and the nature of CO2 ν2 vibration. 
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Figure 8.5.  The IR spectra and the curve-fitting results of CO2 interacting with (a) a-TiO2-A, the residual sum of squares: 3.86E-3; (b) a-TiO2-B, the residual sum of squares: 4.01E-4; and (c) a-ZrO2, the residual sum of squares: 1.81E-3. Note: the black curves = experimental spectra; the pink curve = the fitting curve; blue curves = the individual Gaussian function curves; and the red curve = the residual curve.

In the bridging acetate bidentate, the atoms of the bridging carbon, oxygen and metal are sitting almost in one plane, as shown in Figure 8.2a. The π electrons are delocalized around the two bridging oxygen atoms and the α-carbon atom, which are sp2 hybridized. Previous studies by others showed that the chemical bond between transition metals and the oxygen of the bridging carboxylate is due to the overlap of the d orbital of the former, and the p orbital of the latter.307-311 Besides the p orbital and one σ bond (O-C), each of the two oxygen atoms still has two lone pairs, as shown in Figure 8.6. When a CO2 molecule approaches the lone pairs, the partial positive carbon can associate with the sp2 oxygen as either in plane or out-of-plane due to the LA-LB interaction, where the plane is defined as the lone pairs of the oxygen. The π bond of the bridging acetate is also an electron donor and has potential to interact with the partially positive carbon atom of CO2. 

When we consider the molecular structure of CO2, there are two IR active bending modes. In the case of free CO2, the two bending vibrations absorb at the same frequency due to the symmetry of the CO2 molecule (Figure 8.7). In the case of LB-associated CO2, it is expected that the degeneracy would disappear, and two absorption peaks (in-plane and out-of-plane) will appear for each LA-LB association mode. From our IR experimental results, there are two distinct peaks (at 663 and 657 cm-1 before curve-fitting, and at 663 and 655 cm-1 after curve-fitting) from a-TiO2-A associated CO2 (Figure 8.5). This result is in a good agreement with the literature that CO2 bending peaks shifted to 662 and 654 cm-1 resulting from the carbonyl group of PMMA.289 This suggests that the split of CO2 ν2 vibration is mainly due to the lone pairs of the oxygen atom. In the case of a-TiO2-B and a-ZrO2 associated CO2, however, there is a wider combined peak. Four individual peaks were produced after curve-fitting, indicating more than one association mode exists, either due to the lone pairs or from the π bond. There is noticeable difference between the IR spectra of CO2 impregnated into a-TiO2-A and a-TiO2–B (Figure 8.5). This difference cannot be easily explained, because the detailed structures around the bridging acetate remain unknown. However, we may exclude the effect of the alkoxide groups in a-TiO2-A and -B, which are isopropoxide and n-butoxide, respectively, because of their small amounts in the aerogels, as shown by the IR spectra (Figure 8.4).
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Figure 8.6.  Schematic of possible association modes of LA-LB interaction between CO2 and metal bridging acetate. (a) d-p orbital overlap between metal (M) and acetate, and CO2 associates with the π bond either in a vertical or a parallel mode; (b) the partial positive carbon CO2 associates with the lone pairs of oxygen either in T-shape or bended T-shape.
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Figure 8.7.  The bending and stretching vibrations of a free CO2 molecule.  The two bending vibrations absorb at the same frequency of IR beam due to the symmetry of the CO2 molecule.

Figure 8.8 shows the IR spectra of CO2 impregnated into a-TiO2-A, a-TiO2-B and a-ZrO2 in the ν3 stretching mode region. These spectra show a high peak at 2337 cm-1 and an asymmetric wide peak around 2358 cm-1. The peak at 2337 cm-1 is assigned to the free CO2, while the small right shoulder of the peak at 2337 cm-1 can be assigned to the (ν2 + ν3) - ν3 band.289 The peak at 2358 cm-1 is due to the interaction between CO2 and the aerogels that caused the CO2 ν3 stretching mode split. When we compare Figure 8.8a and d, the free CO2 peak at 2337 cm-1 decreased faster than the peak at 2358 cm-1, suggesting that the free CO2 weakly interacts with the aerogel. 
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Figure 8.8.  IR spectra of CO2 impregnated into (a) a-TiO2-A, (b) a-TiO2-B and (c) a-ZrO2 in the ν3 stretching mode region, at one minute after venting of CO2; (d) CO2 impregnated into a-TiO2-A at five minutes after venting of CO2.

It is necessary to point out that the above discussion of the LA-LB interaction was based on the structure of the metal bridging acetate obtained from single crystal analysis. Although the IR spectra in Figure 8.4 indicates that the acetate bidentate structure remains in the aerogels, the detailed structure of the chemical environment around the acetate in the aerogels is unknown. From the IR experimental results, we cannot determine the exact LA-LB association mode; however, the splitting of the CO2 ν2 peak strongly supports that CO2 acts as an electron accepter. 

From an electronic structure point of view, the above discussion has described the LA-LB interaction between a CO2 molecule and an aerogel with a complex metal-bridging acetate. In addition, a semi-quantitative study on the interaction can be carried out by calculation of the solubility parameters (δ) of the colloidal particles and comparison with that of the CO2-based reaction solvent.

8.3.2. Solubility Parameter Study

Estimation of ( of CO2. The solubility parameters of CO2 can be calculated either from the density by using Giddings Equation304 or from the models developed from an empirical equation of state (EOS).300, 303 According to Giddings et al.,312
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where,
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 is the critical pressure in atmospheres, 
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 is the reduced density of CO2, 
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= 2.66 is the reduced density of liquid CO2 at its normal boiling point,304 and 
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 is the density of CO2 in mol/L. Giddings’ equation correctly predicts that a higher density of CO2 results in a higher solubility parameter; however, it was found to be poor for quantitative predictions.300 By using the EOS of Huang et al, Williams et al recently calculated the solubility parameters of CO2 under a variety of temperatures and pressures, and the calculated results were close to Allada’s.300 In Table 8.1, the solubility parameters of CO2 obtained from Allada’s method are listed, under the typical conditions at which the direct sol-gel synthesis in scCO2 was carried out in this thesis.

          Table 8.1.  Solubility parameters of scCO2 under selected temperatures and pressures. 300, 303
	Temperature (°C)
	40
	40
	60
	60
	60

	Pressure (psia)
	4000
	6000
	4000
	5000
	6000

	Solubility parameters, (cal/cm3)1/2
	6.99
	7.46
	6.23
	6.65
	6.83


Estimating ( of Alkoxides. The solubility parameters of solvents and small molecules can be calculated from the cohesive energy density or the molar energy of vaporization:313
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where, 
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 is the energy change upon isothermal vaporization of the saturated liquid to the ideal gas state at infinite dilution in cal/mol, 
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 is the enthalpy change during vaporization in cal/mol, 
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 is the gas law constant in cal/(mol·K), and 
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 the temperature in K.

Using Equation 8.3 and the thermodynamic data from Bradley in Table 8.1,314, 315 the solubility parameters of titanium alkoxides at 298 K were calculated as presented in Table 8.2. 

Table 8.2. The thermodynamic properties and the average solubility parameters of the alkoxides.

	Molecule
	(Hf0 * (liquid)

Kcal/mol
	(Hf0 * (gas)

Kcal/mol
	(HV0 *
Kcal/mol
	
[image: image137.wmf]V

0(liquid)

cm3/mol
	(
(cal/cm3)1/2

	Ti(OPri)4
	-377** 
	-360** 
	17
	296***
	7.44

	Ti(OBun)4
	-399** 
	-377**
	22
	340***
	7.93

	Note: * (Hf0, (HV0 and 
[image: image138.wmf]V

0 denote the standard formation enthalpy, the enthalpy change of vaporization and the molar volume of the liquid, respectively.
**  Ref. 314
*** The molar volume was calculated from the density at 293 K. The liquid volume change was neglected for temperature changes from 293 to 298 K.


Estimating ( of Ti-acetate complexes and macromolecules. Fedors’ group contribution method has been widely used to estimate the solubility parameters of a variety of materials.316-318 This method is especially attractive when vaporization energies of the interested materials are available, as in the case of metal alkoxides. According to Fedors, the solubility parameters of small molecules and macromolecules can be calculated by using Equations 8.4 and 8.5, respectively.305, 319 
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where, Δei is the energy of vaporization in cal/mol, and Δυi the mole volume in cm3/mol. In the case of macromolecules,305 
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where Δeir is the energy of vaporization of the repeating unit in cal/mol, and Δυir is the mole volume of the repeating unit in cm3/mol. The related atomic and group contributions to the energy of vaporization and mole volume at 298 K are listed in Table 8.3.305 The detailed calculations of Ti atom’s group contributions are described in Appendix 11.

Table 8.3. The related atomic and group contributions to the energy of vaporization and mole volume at 25 °C.305
	Atom or group
	Δei (cal/mol)
	Δυi (cm3/mol)

	CH3
	1125
	33.5

	CH2
	1180
	16.1

	CH
	820
	-1.0

	COO
	4300
	18.0

	O
	800
	3.8

	Ti *
	500 **
	7.2**

	Note: * Calculated in this work.

** The values were the average calculated from the thermodynamics data of TIP and TBO in Table 8.2 using Equation 8.3 and 8.4.


The titania colloidal particles were derived from the condensation of the hexamer complexes,105, 320 such as Ti6O6(OPri)6(OAc)6 (2) and Ti6O4(OBun)8(OAc)8 (1). Since the condensation takes place on the OR groups,105 the repeating unit of the macromolecules of a-TiO2-1 and a-TiO2-2 can be estimated to be -(Ti6O12(OAc)6)-, and -(Ti6O12(OAc)8)-, respectively. In the case of the SiO2 and ZrO2 colloidal particles, there is no building-block information available (i.e. crystal structure data). Based on the values in Table 8.3, the solubility parameters of the macromolecules with repeating units of -(Ti6O12(OAc)6)-, and -(Ti6O12(OAc)8)- can be calculated as shown in Table 8.4 (The detailed calculation is described in Appendix 11). 

Table 8.4. Solubility parameters of the macromolecules calculated using the group contribution method.  
	Repeating Unit
	Δeir (cal/mol)
	Δυir (cm3/mol)
	δ (cal0.5cm-1.5)

	-(Ti6O12(OAc)6)-
	45.2 ×1000
	397.8
	10.7

	-(Ti6O12(OAc)8)-
	56.0 ×1000
	500.8
	10.6

	-(Ti6O12)- *
	12.6 ×1000
	88.8
	11.9

	Note:  * The imaginary repeating unit for comparison of with and without acetate.


According to the results from Table 8.4, the solubility parameters of the macromolecules with acetate group are approximately 10.7 cal0.5cm-1.5. For comparison purpose, the solubility parameters of the corresponding macromolecules without bridging acetate were also calculated, which are approximately 11.9 cal0.5cm-1.5. The results show that the bridging acetate results in a lower solubility parameter which is closer to that of CO2, e.g., at 40 °C and 6000 psig when the solubility parameter is 7.46 cal0.5cm-1.5, and a favorable stabilization of the colloidal particles can be expected.

From the above study, we can see that the solubility parameter of the colloidal particles with Ti-acetate groups is still larger than that of CO2 under the utilized synthesis conditions. It can be expected that addition of a cosolvent may improve the solubility of the macromolecules in CO2. In fact, during the synthesis of the aerogel particles, extra acetic acid was added (Chapters 4-6), and in the case of ZrO2, extra alcohol was added (Chapter 6). In addition, the ester and alcohol were generated as by-products during the process. The polar organic species generally exhibit higher solubility parameters. For example, acetic acid, isopropanol and isopropyl acetate have solubility parameters of 9.83, 11.55 and 8.51 cal0.5cm-1.5, respectively.321 It can be anticipated that the existence of these species in CO2 will increase the solubility parameter. Using Equation 8.6, the solubility parameter of the mixed solvent can be calculated:321, 322
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where, 
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 is the solubility parameter of the mixed solvent, and 
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 are the volume fraction and the solubility parameter of solvent i, respectively. For example, in a typical synthesis of titania nanomaterials, the volume fractions of acetic acid and CO2 are about 0.27 and 0.73, respectively.320 The calculated solubility parameter of the mixture of acetic acid and CO2 at 40 °C and 6000 psi is 8.10 cal0.5cm-1.5, with an increase of 8.6% from 7.46 cal0.5cm-1.5 of pure CO2. Even though the acetic acid is consumed during the reactions, the resulting ester, water and alcohol will compensate for the consumed acetic acid in regards to 
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8.4. Conclusion

This research shows that the M-acetate group on the colloidal particles is CO2-philic, which is similar to C-F and carbonyl groups.289, 301, 302, 323 According to the FTIR study on the CO2 impregnated into the aerogels, it can be concluded that a LA-LB interaction exists between CO2 and the M-acetate groups. The electronic structure of the M-acetate shows the possible association modes, even though the exact modes cannot be discerned through the experimental results. The interactions have also been studied semi-quantitatively using a solubility parameter approach. The results show that the acetate group can decrease the solubility parameters of the macromolecules, which improves the interaction with CO2. This further confirms that the acetate group is the CO2-philic domain on the colloidal particles. However, the acetate group cannot make the solubility parameter of the macromolecules as low as that of CO2 under the operational synthesis conditions. The existence of cosolvent can promote the solubility parameter of the solvent mixture, which also contributes to the stabilization of the colloidal particles. 

Chapter 10.  Summary and Conclusions

9.1. Outline

The successful synthesis of well-defined SiO2, TiO2 and ZrO2 nanomaterials shows that the direct sol-gel process in CO2 is a promising technique. The advantages of this method include: (1) a high conversion, e.g. about 98 % conversions for TiO2 and ZrO2 aerogels; (2) a high yield, e.g. 20 g of TiO2 monolith was synthesized in a 100 ml autoclave; (3) a high surface area, e.g. the surface areas of TiO2 anatase were as high as 105-181 m2/g; and (2) environmental benignness. The disadvantages involve the relatively high-pressure apparatus, although this is not generally considered high pressure by industrial standards.

Although the chemistry of the direct sol-gel process of SiO2, TiO2 and ZrO2 in CO2 is relatively complex and different from one another, the reactions can be summarized as substitution, esterification, hydrolysis and condensation.

CO2 was also found to be a superior solvent for the sol-gel process. Because of the CO2-philicity of the metal-acetate group, the colloidal particles were stabilized by CO2. In addition, scCO2 exhibits a low interfacial tension, and is able to penetrate into the nanoparticles.324 This allows heterogeneous reactions taking place and formation of the well-defined gel network. Furthermore, scCO2 extraction and drying maintain a high surface area of the resulting materials.

During the sol-gel process in CO2, the temperature and pressure were in the range of 40-70 (C and 2000-7000 psig. This is because, at this temperature and pressure range, the system was homogenous at the initial stage, which is critical for formation of well-defined nanostructures. The optimum temperature and pressure were theoretically justified by the solubility parameters of CO2 and colloidal particles.

9.2. Synthesis, Characterization and Mechanism Studies

In order to synthesize the oxide nanomaterials, the direct sol-gel process in CO2 was carried out in either a view cell or an autoclave. The starting materials were mixed before addition of CO2 using a syringe pump. The system was maintained at a constant temperature and pressure until the nanomaterials were formed. In order to obtain TiO2 particles, CO2 was removed through either a quick depressurization or a RESS process before agglomeration took place. In the case of TiO2 and ZrO2, fresh CO2 was slowly passed through the reactor in order to extract the organic species and to maintain the nanomaterial microstructure.

In order to crystallize the amorphous resulting nanomaterials, calcination was carried out in the furnace at a temperature 380-600 °C. The nanomaterials were characterized by using electron microscopy, N2 physisorption, FTIR, XRD and thermal analysis.

The mechanism of nanomaterial formation, the kinetics of sol-gel reactions, and the interactions between CO2 and the Ti-acetate were studied by using ATR-FTIR spectrometry. The formation of TiO2 nanofibers was attributed to presence of the Ti-acetate hexamers that lead to one-dimensional condensation. In the case of SiO2 synthesis, the conversion of the precursor TEOS was favored by a higher temperature and lower pressure. In the cases of TiO2 and ZrO2 synthesis, the precursors quickly reacted with acetic acid to form metal acetate complexes, and the complexes consequently condensed into sol and gel either gradually or quickly after a critical point. The LA-LB interactions between CO2 and the metal-acetate were studied using ATR-FTIR spectrometry. The solubility parameter calculation results showed that the metal-acetate group is CO2-philic.

9.3. Chemistry of the Direct Sol-gel Process in CO2
In the sol-gel process, acetic acid has been used as a polycondensation agent for various alkoxides in CO2. The first step involves a substitution reaction, which resulted in alcohol. In the second step, the alcohol reacts with acetic acid and water is produced through esterification. Then, the generated water leads to hydrolysis and then subsequent condensation. The reactions can be written as:

Substitution :

                                            ≡M-OR + HOAc ⇌  ≡MOAc + ROH                             (9.1)    

Esterification :

                                                 HOAc + ROH ⇌ ROAc + H2O                                  (9.2)

Hydrolysis :

                                               H2O + ≡M-OR ⇌  ≡M-OH + ROH                              (9.3)

Condensation :

                                              ≡M-OH + ≡M-OR ⇌ ≡M-O-M≡ + ROH                      (9.4)

                                              ≡M-OH + ≡M-OH ⇌ ≡M-O-M≡ + H2O                       (9.5)
Where, M = Si, Ti or Zr ; R = Me, Et, Pri, Pr or Bu.

Although the reactions are very complicated after formation of oligomers and metal complexes, reactions 9.1-5 can be used as the general reactions for the sol-gel process in CO2.

9.4. The Synthesis Parameters of Direct Sol-Gel Process in CO2

During the aerogel synthesis processes, important parameters include: the temperature, pressure, concentrations of the reactants, scCO2 wash, and flow rate of CO2.

In this study, the temperature and pressure’s effect on TEOS conversion was studied by using the in situ IR spectrometry. It was found that a higher temperature and a lower pressure facilitate the consumption of Si-OEt. Surprisingly, in the range of 40-70 °C and 2000-7000 psig, there was no detectable effect of temperature and pressure on the TiO2 morphology. However, the reactants’ concentrations, especially the acid/alkoxide ratio, had a significant effect on the resulting oxide nanomaterials. In the case of SiO2, high concentrations of starting materials resulted in badly agglomerated micron-size particles. In the case of TiO2, different acid ratios resulted in different morphologies, i.e. fibers or spheres. In the case of zirconia, high concentrations of starting materials resulted in formation of mesoporous monolith, and low concentrations resulted in formation of spherical nanoparticles.

The CO2 flow rate during the extraction and venting step is also important to maintain the microstructure and a large surface area of the resulting materials. For example, when the reactor was less than 100 ml, a CO2 flow rate less than 1 ml/min was necessary.

9.5. Future Work Recommendation

Recommendations for future work include:

1. Study the effect of temperature and pressure on the kinetics of sol-gel synthesizing TiO2 and ZrO2 in CO2 using the in situ ATR-FTIR technique, which was not studied in this research.

2. Study the solubility of the precursors, e.g. TIP and ZBO in CO2 under various temperatures and pressures. Use the experimental data and empirical equations to estimate various important physical properties such as the critical points of metal alkoxides, which are useful for stringent thermodynamic studies.

3. Synthesis of other oxides or hybrid oxides using the direct sol-gel process in CO2. The successful synthesis of the oxide nanomaterials in this research is encouraging to extend the method for synthesizing other oxides, such as Al2O3, ZnO, and Fe2O3 and the hybrid materials. 

4. Besides acetic acid, other carboxylic acids and polycarboxylic acids may also have potential to be used as polycondensation agents. Different molecular structures of the polycondensation agents may result in the formation of nanomaterials with different morphologies.
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Appendix 3. Physical Properties of the Raw Materials Used in This Thesis.

	Name
	Formula
	Molecular

weight (g/mol)
	Density (g/cm3)
	Purity

(%)
	Boiling point

(°C)
	Melting point

(°C)

	Tetramethyl orthosilicate
	C4H12O4Si
	152.22
	1.032
	98
	120~122
	-4

	Tetraethyl orthosilicate
	C8H20O4Si
	208.33
	0.934
	98
	168
	-77

	Titanium isopropoxide
	C12H28Ti
	284.26
	0.97
	97
	240
	18-20

	Titanium butoxide
	C16H36Ti
	340.36
	1.08
	97
	310-314
	-55

	Zirconium propoxide
	C12H28Zr
	327.58
	1.058
	70
	-
	-

	Zirconium butoxide
	C16H36Zr
	383.7
	1.049
	80
	-
	-

	Aluminum isopropoxide
	C9H21Al
	204.24
	1.035
	98
	125-130
	128-135

	Acetic acid
	C2H4O2
	60.05
	1.06
	99.7
	117.9
	16.6

	Formic acid
	CH2O2
	46.03
	1.21
	
	100.7
	8.3

	Benzoic acid
	C7H6O2
	122.12
	1.32
	99
	248.9
	121

	Chloroacetic acid
	C2H3ClO2
	94.50
	1.58
	
	188
	61-62

	Methanol
	CH4O
	32.04
	0.791
	99.93
	64.7
	-98

	Ethanol
	C2H6O
	46.07
	0.789
	99.95
	78.3
	-114.1

	2-Propanol
	C3H8O
	60.10
	0.785
	99.5
	82.4
	-88.5

	n-Butanol
	C4H10O
	74.12
	0.81
	
	117.6
	-89.5

	Acetone
	C3H6O
	58.08
	0.786
	99.5
	56.2
	-94.3


Appendix 4. Powder XRD Analysis Conditions.

Experimental parameters for Bruker D8 Discover diffractometer

	Type of radiation
	CuKα1+Kα2 = 1.54184 Å

	Power
	40 kV x 40 mA

	Type of scan
	Coupled

	Number of frames 
	3 (merged)

	Beam Diameter
	500 µm

	2θ range
	4.9° - 93.95°

	Number of samples analyzed
	6


Experimental parameters for Rigaku (Rigaku - Geigerflex CN2029) diffractometer 
	Type of radiation
	CuKα1+Kα2 = 1.54184 Å

	Power
	40 kV x 35 mA

	Type of scan
	Coupled

	Step Size
	0.05

	Step Time
	2sec

	2θ range
	2.0° - 115.0°

	Number of samples analyzed
	7


Appendix 5. N2 Physisorption Analysis Conditions.

Isotherm collection pressure table

	 
	Relative Pressure
	BET Surf. area
	Lang. Surf. Area
	t-Plot
	BJH Adsorption
	BJH Desorption

	1
	0.005000000
	 
	 
	 
	 
	 

	2
	0.010000000
	 
	 
	x
	 
	 

	3
	0.023265306
	 
	 
	 
	 
	 

	4
	0.030000000
	 
	 
	x
	 
	 

	5
	0.041530612
	 
	 
	 
	 
	 

	6
	0.059795918
	 
	 
	 
	 
	 

	7
	0.060000000
	x
	x
	x
	 
	 

	8
	0.078000000
	 
	 
	 
	 
	 

	9
	0.080000000
	x
	x
	x
	 
	 

	10
	0.096326531
	 
	 
	 
	 
	 

	11
	0.100000000
	x
	x
	x
	 
	 

	12
	0.114591837
	 
	 
	 
	 
	 

	13
	0.120000000
	x
	x
	x
	 
	 

	14
	0.132857143
	 
	 
	 
	 
	 

	15
	0.140000000
	x
	x
	x
	x
	 

	16
	0.151122449
	 
	 
	 
	 
	 

	17
	0.160000000
	x
	x
	x
	x
	 

	18
	0.169387755
	 
	 
	 
	 
	 

	19
	0.180000000
	x
	x
	x
	x
	 

	20
	0.187653061
	 
	 
	 
	 
	 

	21
	0.200000000
	x
	x
	x
	x
	 

	22
	0.205918367
	 
	 
	 
	 
	 

	23
	0.224183673
	 
	 
	 
	 
	 

	24
	0.242448980
	 
	 
	 
	 
	 

	25
	0.250000000
	 
	 
	x
	x
	 

	26
	0.260714286
	 
	 
	 
	 
	 

	27
	0.278979592
	 
	 
	 
	 
	 

	28
	0.297244898
	 
	 
	 
	 
	 

	29
	0.300000000
	 
	 
	x
	x
	 

	30
	0.315510204
	 
	 
	 
	 
	 

	31
	0.333775510
	 
	 
	 
	 
	 

	32
	0.350000000
	 
	 
	x
	x
	 

	33
	0.352040816
	 
	 
	 
	 
	 

	34
	0.370306122
	 
	 
	 
	 
	 

	35
	0.388571429
	 
	 
	 
	 
	 

	36
	0.400000000
	 
	 
	x
	x
	 

	37
	0.406836735
	 
	 
	 
	 
	 

	38
	0.425102041
	 
	 
	 
	 
	 

	39
	0.443367347
	 
	 
	 
	 
	 

	40
	0.450000000
	 
	 
	x
	x
	 

	41
	0.461632653
	 
	 
	 
	 
	 

	42
	0.479897959
	 
	 
	 
	 
	 

	43
	0.498163265
	 
	 
	 
	 
	 

	44
	0.500000000
	 
	 
	x
	x
	 

	45
	0.516428571
	 
	 
	 
	 
	 

	46
	0.534693878
	 
	 
	 
	 
	 

	47
	0.550000000
	 
	 
	x
	x
	 

	48
	0.552951984
	 
	 
	 
	 
	 

	49
	0.571224490
	 
	 
	 
	 
	 

	50
	0.589489796
	 
	 
	 
	 
	 

	51
	0.600000000
	
	
	x
	x
	

	52
	0.607755102
	 
	 
	 
	 
	 

	53
	0.626020408
	 
	 
	 
	 
	 

	54
	0.644285714
	 
	 
	 
	 
	 

	55
	0.650000000
	 
	 
	x
	x
	 

	56
	0.662551020
	 
	 
	 
	 
	 

	57
	0.680816327
	 
	 
	 
	 
	 

	58
	0.699061633
	 
	 
	 
	 
	 

	59
	0.700000000
	 
	 
	 
	x
	 

	60
	0.717346939
	 
	 
	 
	 
	 

	61
	0.735612245
	 
	 
	 
	 
	 

	62
	0.750000000
	 
	 
	 
	x
	 

	63
	0.753877551
	 
	 
	 
	 
	 

	64
	0.772142857
	 
	 
	 
	 
	 

	65
	0.790408163
	 
	 
	 
	 
	 

	66
	0.800000000
	 
	 
	 
	x
	 

	67
	0.808673469
	 
	 
	 
	 
	 

	68
	0.820000000
	 
	 
	 
	x
	 

	69
	0.826938776
	 
	 
	 
	 
	 

	70
	0.845204082
	 
	 
	 
	 
	 

	71
	0.850000000
	 
	 
	 
	x
	 

	72
	0.863469388
	 
	 
	 
	 
	 

	73
	0.875000000
	 
	 
	 
	x
	 

	74
	0.881734694
	 
	 
	 
	 
	 

	75
	0.900000000
	 
	 
	 
	x
	 

	76
	0.925000000
	 
	 
	 
	x
	 

	77
	0.950000000
	 
	 
	 
	x
	 

	78
	0.975000000
	 
	 
	 
	x
	 

	79
	0.980000000
	 
	 
	 
	x
	 

	80
	0.990000000
	 
	 
	 
	x
	 

	81
	0.995000000
	 
	 
	 
	x
	x

	82
	0.990000000
	 
	 
	 
	 
	x

	83
	0.980000000
	 
	 
	 
	 
	x

	84
	0.975000000
	 
	 
	 
	 
	x

	85
	0.950000000
	 
	 
	 
	 
	x

	86
	0.925000000
	 
	 
	 
	 
	x

	87
	0.900000000
	 
	 
	 
	 
	x

	88
	0.875000000
	 
	 
	 
	 
	x

	89
	0.850000000
	 
	 
	 
	 
	x

	90
	0.825000000
	 
	 
	 
	 
	x

	91
	0.800000000
	 
	 
	 
	 
	x

	92
	0.750000000
	 
	 
	 
	 
	x

	93
	0.700000000
	 
	 
	 
	 
	x

	94
	0.650000000
	 
	 
	 
	 
	x

	95
	0.600000000
	 
	 
	 
	 
	x

	96
	0.550000000
	 
	 
	 
	 
	x

	97
	0.500000000
	 
	 
	 
	 
	x

	98
	0.450000000
	 
	 
	 
	 
	x

	99
	0.400000000
	 
	 
	 
	 
	x

	100
	0.350000000
	 
	 
	 
	 
	x

	101
	0.300000000
	 
	 
	 
	 
	x

	102
	0.250000000
	 
	 
	 
	 
	x

	103
	0.200000000
	 
	 
	 
	 
	x

	104
	0.140000000
	 
	 
	 
	 
	x


Collect ROA Data:                                               No

ROA Sample Interval:                                          10.00 secs

ROA Dose Amount:                                              5.00 cm3/g STP

Maximum ROA Samples:                                     100

Target pressure options:

Use first pressure fixed dose:                               No

Use maximum volume increment:                        No

Absolute pressure tolerance:                                 5.000 mmHg

Relative pressure tolerance:                                  5.0%

Low pressure dosing:                                            No

Analysis preparation options:

Fast evacuation:                                                   Yes

Evacuation time:                                                  0 .10 hours

Leak test:                                                              No

Free Space

Free space group:                                                 Measured

Low dewar after free space:                                 Yes

Evacuation time:                                                   0.10 hour

Outgas test:                                                           Yes

Outgas test duration:                                             180 secs

Po and Temperature options:

Po type:                                                                 Measured

Measurement interval:                                          120 minutes

Temperature type:                                                 Entered

Temperature:                                                          77.35 K

Measurement gas:                                                 Nitrogen @ 77.35 K (N2)

Psat Vs. Temperature Table

	
	Saturation Pressure (mmHg)
	Temperature (K)

	1
	600.193
	75.40

	2
	634.512
	75.85

	3
	674.383
	76.35

	4
	720.420
	76.90

	5
	742.119
	77.15

	6
	759.833
	77.35

	7
	777.867
	77.55

	8
	805.525
	77.85

	9
	853.268
	78.35

	10
	903.122
	78.85


Equilibration options:

Equilibration interval:                                                    5 secs

Min. equil. delay at P/Po ≥ 0.995:                                  600 secs

Sample backfill options:

Backfill at start of analysis:                                            Yes

Backfill at end of analysis:                                              Yes

Backfill Gas:                                                                    Analysis gas

Appendix 6. Block Panel of LabView VI’s.
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Appendix 7. Instrumentation and Configuration of the Temperature and Pressure Control

	Port Number
	COM1
	COM3

	Port Type
	9 pins 232 serial port
	9 pins 232 serial port

	Baud Rate
	9600
	115200

	Network Interface
	-
	FieldPoint FP-1000

	I/O Modual
	-
	FP-TB-100
	FP-TC-120

	Channel 10
	-
	Temperature control analog output 

(0.004-0.2 mA)
	Thermocouple input

	Channel 11
	-
	Pressure control analog output

(0.004-0.2 mA)
	Thermocouple input

	Channel 12
	-
	Pressure transducer analog signal input

(0-100 mV)
	-


Appendix 8. Synthesis and Characterization of the Ti-Acetate Single Crystals

The information in this section is reproduced from a report by the author: Hexakis(μ-acetato-κ 2O,O') hexaisopropoxyhexa -μ 3-oxo-hexatitanium, with permission from Acta Crystallographica Section E, (2006), 2, m373-375, IUCr's Copyright (http://journals.iucr.org/).

Synthesis of Ti-acetate crystals. 0.273 g of acetic acid (99.7%, Aldrich) and 1 g of titanium isopropoxide (97%, Aldrich) were quickly put in the 10 ml view cell, followed by addition of CO2 (99.99%, BOC Canada) to 6000 psig at 40 ºC under mixing with a magnetic stirrer. The stirring was stopped at reaction time of 8 hours. A light yellow granular crystal was formed after about 7 days and a colorless plate crystal was formed after about 15 days in the view cell. The crystals were washed by 200 ml of CO2 at 6000 psig and 40 ºC with a flow rate of 0.5 ml/min, followed by venting of CO2.

Single Crystal XRD. The single crystal XRD was operated on Nonius KappaCCD X-ray diffractometer. Two types of crystals were produced, yellow blocks and colorless plates. The yellow blocks were found to be the structure Ti6O4(OPri)8(OAc)8 3 (rutilane shape), and the colorless plates to be the structure Ti6O6(OPri)6(OAc)6 2 (hexaprismane shape) (Figure A1).234

[image: image147.png]



Figure A1.  The molecular structure of Ti6O6(OPri)6(OAc)6 (2).234 Ti: green, O: red, and C: grey.
FTIR (KBr, Bruker IFS55, cm-1). Structure 2: 2972 (m), 2933 (m), 2875 (m), 1604 (s), 1543 (s), 1458 (s), 1375 (w), 1361 (w), 1348 (w), 1327 (w), 1165 (m), 1132 (s), 1016 (s), 858 (m), 727 (s), 658 (s), 627 (s), 611 (s).  Structure 3: 2970 (m), 2931 (m), 2866 (w), 1581 (s), 1560 (s), 1452 (s), 1410 (s), 1360 (w), 1338 (w); 1165 (m), 1122 (m); 1018 (m), 991 (m), 951 (w), 852 (w), 835 (w), 800 (s), 692 (m), 660 (s), 633 (s), 615 (s), 592 (m), 542 (m).

1H NMR (chloroform, Inova 400 MHz). Structure 2: δ 7.22 (s), δ 5.07 (sept., JH-H = 6.2 Hz, OCHMe2), δ 1.97 (s, O2CCH3), δ 1.35 (d, JH-H = 6.2 Hz, OCHMe2), δ . 13C NMR (chloroform, 101 MHz): δ 177.9, δ 82.0, δ 77.2, δ 24.9, δ 23.1.

Appendix 9. Description of the SIMPLISMA Modeling

In the system with a pure material, the IR spectrum in the range 600-4000 cm-1 with a scanning step of 1 cm-1 can be written as a matrix with one row and 3401 columns:

                                  Bpure = [b600, b601, b602 … bj…, b3999, b4000]                              (A8.1)

Where, Bpure is the matrix of a pure material IR spectrum, bj denotes the IR absorbance at wavenumber j.

In a reaction system with n components, a set of in situ IR spectra collected at different reaction times can be written as a matrix, D. As D is a function of the concentration and the absorbance (Bpure) of each component, it can be expressed as:

                                                                      D = C ×B                                              (A8.2) 

or:
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where D is the known r
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w matrix transformed from in situ IR spectra, C is the to-be-determined r
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n matrix representing concentration coefficients, and B is the to-be-determined n
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w matrix representing n pure component spectra; dij, cij and bij are the element of the matrix D, C and B, respectively, at i-th row and j-th column.286 

In the SIMPLISMA method, first, the mean value of dij is calculated from the matrix D using Equation A8.4; then, the standard deviation is calculated using Equation A8.5. 
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Where, dij is the element of the matrix D in the i-th row and j-th column, 
[image: image156.wmf]j

m

 is the mean value of dij in the j column of the matrix D, 
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 is the standard deviation of dij, and r is the number of matrix rows (spectra). As there are w columns in matrix D, the calculation using Equation A8.4 results in a mean value matrix M:

                                                        Μ = [μ1, μ2, ... μj,…, μw]                                     (A8.6) 

Similarly, the calculation using Equation A8.5 results in a standard deviation matrix Σ:

                                                      Σ = [σ1, σ 2, ... σ j,…, σ w]                                      (A8.7) 

After calculations of matrices Μ and Σ, the “purity”, qj, is calculated as:
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where, α is an empirical parameter called offset, which is added to the mean value in order to suppress the noise in the region where the absorbance is close to zero. Typical values for α range from 1-5 % of the maximum μj for the conventional method; for the second-derivative method as described later, however, α is normally selected as 20 %.276, 287 

A pure variable is defined as the wavenumber where only one component contributes to the absorbance in the whole column of matrix D.

The calculation using Equation A8.8 results in a purity matrix Q:

                                                Q = [q1, q2, ... q j,…, q w]                                             (A8.9) 

where, Q is the purity matrix.

The first ‘pure variable’ is selected as the wavenumber that has the highest qj value. Then the second pure variable is selected, which is independent of the first variable. Theoretically, totally n independent variables should be select as there are n components. The absorbance of the pure variables from all components in matrix D can be used to calculate matrix C using the linear correlation of Beer-Lambert law. With the known matrices D and C, Matrix B can be calculated with a least-squares method.272, 274, 276, 286 

                                                         E = ║C ×B - D ║2                                            (A8.10)                                                            
where, E is the square of the residual matrix.

If the pure variables do not exist for all components, the conventional SIMPLISMA method described above may fail. To solve this problem, in the revised SIMPLISMA method the raw spectral data were replaced by their second derivatives. In the beginning of this revised method, the conventional SIMPLISMA method was used to calculate matrices C and B; then the calculated matrix B was used to recalculate a new C denoted as C’ using the least square approximation. Thus the matrix C’ provides the second-derivative concentrations. Using matrices D and C’, the second-derivative pure component spectra B’ can be obtained. 

Appendix 10. Statistical Results of the SIMPLISMA Modeling

Table A10.1. Statistics results of the SIMPLISMA modeling in the region of 750-1250 cm-1: the IR spectra were collected during the reaction of 0.088 M TEOS reacting with 0.362M HOAc in scCO2, at a reaction time of 0-360 minutes and at 3000 psig and 50 ºC.

	No.
	Pure Var.

(cm-1)
	TSS
	TSSR
	Coefficient
	RRSSQ
	RSD
	IE
	IND
	Variance
	%C-

Variance
	%R-

Variance

	1
	1108
	56.8
	1.61
	218.26
	0.03
	0.1
	0.02
	0
	0.02
	95.03
	4.97

	2
	1062
	8.9
	-
	62.44
	0.02
	0.01
	0
	0
	0.96
	99.95
	0.05


Note: as one more pure variable is selected, either the component coefficient is negative, or a negative concentration profile is obtained, indicating the new variable being redundant.

Table A10.2. Statistics results of the SIMPLISMA modeling in the region of 1400-1650 cm-1: the IR spectra were collected during the reaction of 1.10 M TIP reacting with 6.05 M HOAc in scCO2, at reaction time of 10-610 minutes and at 4500 psig and 60 ºC.

	No.
	Pure Var.

(cm-1)
	TSS
	TSSR
	Coefficient
	RRSSQ
	RSD
	IE
	IND
	Variance
	%C-

Variance
	%R-

Variance

	1
	1603
	37.9
	2.64
	51.71
	0.41
	0.20
	0.05
	0.00
	0.16
	94.23
	5.77

	2
	1555
	1.86
	-
	73.33
	0.03
	0.03
	0.01
	0.00
	0.73
	99.88
	0.12


Note: as one more pure variable is selected, either the component coefficient is negative, or a negative concentration profile is obtained, indicating the new variable being redundant.

Table A10.2. Statistics results of the SIMPLISMA modeling in the region of 1300-1650 cm-1: the IR spectra were collected during the reaction of 0.547 M ZBO reacting with 1.76 M HOAc in scCO2, at reaction time of 10-3720 minutes and at 4500 psig and 40 ºC.

	No.
	Pure Var.

(cm-1)
	TSS
	TSSR
	Coefficient
	RRSSQ
	RSD
	IE
	IND
	Variance
	%C-

Variance
	%R-

Variance

	1
	1565
	8.47
	11.8
	123.9
	0.05
	0.02
	0.00
	0.00
	0.75
	99.87
	0.13

	2
	1480
	0.42
	-
	46.2
	0.01
	0.00
	0.00
	0.00
	0.21
	99.99
	0.01


Note: as one more pure variable is selected, either the component coefficient is negative, or a negative concentration profile is obtained, indicating the new variable being redundant.
Statistics Table Notes: 

No.: ordinal number of the component (pure variable).

Pure Var units: displays the pure variables.

TSS: total sum integral intensity of the purity-corrected standard deviation spectrum corresponding to pure variable. TSS indicates the percent amount of residual variance (unaccounted information) in the data. The initial sum of standard deviations (before the first pure variable effect was removed) is taken as 100%. For the first (significant) n components it rapidly decreases and then shows saturation at values close to zero, as the n approaches the actual size of the model.

TSSR:
relative TSS. Ratio of TSS of the current component to TSS of the next one.

Coefficient:
SIMPLISMA component coefficient. Component share in the total spectral intensity (TSI, plot of integral intensities of the raw spectral Vs their numbers in series) approximation. A negative value of the coefficient for any of currently accepted n is a strong indication of improperly chosen number of components (insufficient or excessive).

RRSSQ: square root of the sum-of-squares difference between TSI and LSQ (residual sum of squares) divided by the square root of the sum of squares of the TSI. Thus, RRSSQ is a relative RSSQ and varies between 0 and 1. RRSSQ shows saturation after the actual number of components.

RSD: residual standard deviation. The standard deviation of the residual matrix versus the component number.

IE: imbedded error. 

IND: indicator function. The IND value exhibits a minimum at a proper n.

Variance: variance in the data modeled by a single component.

%C-Variance:
cumulative %variance. Percent data variance explained by the model.

%R-Variance:
residual %variance. Percent variance not explained by the model. %R-Variance gets saturated after n exceeding the internal dimensionality of the data.

Appendix 11. Calculation of Solubility Parameters Using Group Contribution Method

1. Calculation of Ti’s group contributions of Δe(Ti) and Δυ (Ti).
Δe(Ti):

Using the data of Ti(OPri)4 in Table 8.1,

[image: image159.wmf]V
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=17×1000 cal/mol − 1.987(cal/mol.K) ×298 K = 16.41 kcal/mol  

                                                                                                                                  (A10.1)

Using the data in Table 8.2, for Ti(OPri)4:

∑Δei = Δe(Ti) + 4×Δe(O) + 4×Δe(CH) + 8×Δe(CH3) = Δe(Ti) + 4×800 cal/mol + 4×820 cal/mol + 8×1125 cal/mol = Δe(Ti) + 15.48 kcal/mol.                                                           (A10.2)
Since 
[image: image160.wmf]V
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= ∑Δei,                                                                                                    (A10.3)
Δe(Ti) = 16.41(
[image: image161.wmf]±

1.6) kcal/mol −15.48 kcal/mol = 0.9 kcal/mol.                              (A10.4)
Similarly, using the data of Ti(OBun)4 in Table 8.1 and Table 8.2,

Δe(Ti)΄ denotes the energy of vaporization calculated from Ti(OBun)4 and can be calculated as:


[image: image162.wmf]V
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=22 ×1000 cal/mol − 1.987(cal/mol.K) ×298 K = 21.41 kcal/mol = ∑Δei = Δe(Ti)΄+ 4×Δe(O) + 12×Δe(CH2) + 4×Δe(CH3) = Δe(Ti)΄+ 4×800 cal/mol + 12×1180 cal/mol + 4×1125 cal/mol = Δe(Ti)΄ + 21.86 kcal/mol,                                                                           (A10.5)
and Δe(Ti)΄ = 0.1 kcal/mol.                                                                                         (A10.6)

Thus,  the average Δe(Ti) = (Δe(Ti) + Δe(Ti)΄)/2 = 0.5 kcal/mol                                   (A10.7)

Δυ (Ti):
Using the data of Ti(OPri)4 in Table 8.1 and Table 8.2,
∑Δυi = 296 cm3/mol = Δυ (Ti) + 4×Δυ (O) + 4×Δυ (CH) + 8×Δυ (CH3) = Δυ (Ti) + 4×3.8 cm3/mol + 4× (-1) cm3/mol (CH) + 8× 33.5 cm3/mol = Δυ (Ti) + 279                         (A10.8)
So, Δυ (Ti) = 16.8 cm3/mol.                                                                                        (A10.9)
Using the data of Ti(OBun)4 in Table 8.1 and Table 8.2,
∑Δυi΄= 340 cm3/mol = Δυ (Ti)΄+ 4×Δυ (O) + 12×Δυ (CH2) + 4×Δυ (CH3) = Δυ (Ti)΄+ 4×3.8 cm3/mol + 12×16.1 cm3/mol + 4×33.5 cm3/mol = Δυ (Ti)΄+ 342.4 cm3/mol.          (A10.10)
So, Δυ (Ti)΄= -2.4 cm3/mol.                                                                                      (A10.11)
Thus, the average of Ti’s mole volume is:

 
[image: image163.wmf]-
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= 7.2 cm3/mol.                                                                                                (A10.12)
2. Calculation of the solubility parameter of the macromolecule with a repeating unit of -(Ti6O12(OAc)6)-
For the repeating unit -(Ti6O12(OAc)6)-, 

Δeir = 6×Δe(Ti) + 12×Δe(O) + 6×Δe(COO) + 6×Δe(CH3) = 6×0.5 ×1000 cal/mol + 12×800 cal/mol + 6×4300 cal/mol + 6×1125 cal/mol = 45.2 ×1000 cal/mol.                    (A10.13)
Δυir = 6×Δυ (Ti) + 12×Δυ (O) + 6×Δυ (COO) + 6×Δυ (CH3) = 6×7.2 cm3/mol + 12×3.8 cm3/mol + 6×18 cm3/mol + 6×33.5 cm3/mol = 397.8 cm3/mol.                                           (A10.14)
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		60		60		60		0.0459645732		0.0459645732		0.0455758666		0.0455758666

		80		80		80		0.052951374		0.052951374		0.0533072484		0.0533072484

		100		100		100		0.0551990864		0.0551990864		0.0853889167		0.0853889167

		120		120		120		0.0500724075		0.0500724075		0.0779526025		0.0779526025

		140		140		140		0.0461396635		0.0461396635		0.0529153607		0.0529153607

		160		160		160		0.041948468		0.041948468		0.0570931645		0.0570931645

		180		180		180		0.0373894733		0.0373894733		0.055536331		0.055536331

		200		200		200		0.029476676		0.029476676		0.0425125921		0.0425125921

		220		220		220		0.0214783142		0.0214783142		0.0247134068		0.0247134068

		240		240		240		0.0253826282		0.0253826282		0.0128907619		0.0128907619

		260		260		260		0.0261516481		0.0261516481		0.0076861523		0.0076861523

		280		280		280		0.0266314526		0.0266314526		0.0041555728		0.0041555728

		300		300		300		0.0266461183		0.0266461183		0.00638336		0.00638336

		320		320		320		0.0266330088		0.0266330088		0.0113803531		0.0113803531

		340		340		340		0.0266365329		0.0266365329		0.0168393658		0.0168393658

		360		360		360		0.0282200241		0.0282200241		0.0224254921		0.0224254921
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50C3K1--4-3-1000-2

		Concentrations						50C3K														40C3K														60C3K

		Spectrum		1		(1058.2168		cm-1)		2		(1102.5906		Average		STD																Average		STD										Average		STD

		0		20.302		58.017		0.0788822361		1		0		0		0		-11.447		89.697		0.053		100.497		0.000216062		1		0		0		0		6.766		95.561		1		0		0		0

		20		52.516		35.243		0.2040478531		0.6074598824		0.3925401176		0.246336996		0.0484208711		-6.169		83.515		5.331		94.315		0.0217325724		0.9384857259		0.0615142741		0.0320438298		0.020838751		76.861		69.838		0.7308211509		0.2691788491		0.1649688683		0.0736875841

		40		77.071		30.363		0.2994548725		0.5233466053		0.4766533947		0.3851003433		0.0359802308		-0.108		80.976		11.392		91.776		0.0464410925		0.9132212902		0.0867787098		0.046089942		0.0287713036		141.066		47.593		0.4980379025		0.5019620975		0.436018819		0.0466289394

		60		100.114		25.089		0.3889871042		0.4324422152		0.5675577848		0.4909039758		0.0459645732		9.735		74.946		21.235		85.746		0.0865674684		0.8532194991		0.1467805009		0.0883070802		0.0413469523		194.416		30.25		0.3165517314		0.6834482686		0.6595418069		0.0169044212

		80		122.372		20.018		0.4754692642		0.3450367996		0.6549632004		0.5882993031		0.052951374		27.193		72.137		38.693		82.937		0.1577374643		0.825268416		0.174731584		0.1126593341		0.0438917089		233.596		22.551		0.2359853915		0.7640146085		0.8021129592		0.0269396022

		100		143.227		15.629		0.5565001496		0.2693865591		0.7306134409		0.672974043		0.0551990864		47.074		65.526		58.574		76.326		0.238785161		0.7594853578		0.2405146422		0.1784618221		0.0438779699		261.307		19.235		0.2012850431		0.7987149569		0.8685063606		0.0493499748

		120		162.003		12.088		0.6294532018		0.2083527242		0.7916472758		0.7469554283		0.0500724075		67.077		58.894		78.577		69.694		0.3203302079		0.6934933381		0.3065066619		0.252641785		0.0380882197		281.362		17.79		0.1861638116		0.8138361884		0.8963598497		0.0583530405

		140		178.334		9.88		0.6929063492		0.1702949136		0.8297050864		0.8044878076		0.0461396635		85.71		51.469		97.21		62.269		0.3962902568		0.6196105356		0.3803894644		0.326295515		0.0382501984		293.918		16.345		0.1710425801		0.8289574199		0.9119860934		0.0587101381

		160		192.629		7.874		0.7484487374		0.135718841		0.864281159		0.8514836824		0.041948468		95.166		44.491		106.666		55.291		0.4348389727		0.5501756271		0.4498243729		0.401130386		0.0344318483		304.06		14.9		0.1559213487		0.8440786513		0.9195467092		0.0533639755

		180		204.664		6.494		0.7952100275		0.1119327094		0.8880672906		0.8857337297		0.0373894733		114.017		37.322		125.517		48.122		0.5116877293		0.4788401644		0.5211598356		0.446979135		0.0524536764		311.891		15		0.1569678007		0.8430321993		0.9190234832		0.0537339521

		200		214.667		5.702		0.8340761003		0.0982815382		0.9017184618		0.9064378695		0.029476676		131.2		29.093		142.7		39.893		0.581736649		0.3969571231		0.6030428769		0.5005674267		0.0724610857		318.078		15.3		0.1601071567		0.8398928433		0.9174538052		0.0548438821

		220		223.436		4.85		0.868147538		0.0835961873		0.9164038127		0.917019482		0.0214783142		147.357		24.492		158.857		35.292		0.6476029352		0.3511746619		0.6488253381		0.5700144303		0.0557277273		324.216		15.6		0.1632465127		0.8367534873		0.9158841272		0.055953812

		240		230.225		4.456		0.8945258013		0.0768050744		0.9231949256		0.9158249327		0.0240569712		162.516		22.302		174.016		33.102		0.7094007338		0.3293829667		0.6706170333		0.6250100822		0.0322489844		327.266		15.9		0.1663858687		0.8336141313		0.9143144492		0.057063742

		260		236.563		4.226		0.9191517304		0.0728407191		0.9271592809		0.920827592		0.0309213708		176.719		14.872		188.219		25.672		0.7673012638		0.2554504115		0.7445495885		0.6997503324		0.0316778578		330.932		16.2		0.1695252247		0.8304747753		0.9127447712		0.058173672

		280		242.403		3.398		0.9418427096		0.0585690401		0.9414309599		0.9181677356		0.02216621		190.293		8.288		201.793		19.088		0.8226375866		0.189936018		0.810063982		0.7670134		0.0304413585		333.75		16.5		0.1726645807		0.8273354193		0.9111750931		0.0592836019

		300		247.167		3.398		0.9603529535		0.0585690401		0.9414309599		0.9175424384		0.0226448563		202.185		2.952		213.685		13.752		0.8711169996		0.1368399057		0.8631600943		0.8095986382		0.0378736689		336.159		16.8		0.1758039368		0.8241960632		0.9096054151		0.0603935319

		320		251.379		3.41		0.9767184337		0.058775876		0.941224124		0.9169796921		0.0232879315		213.191		-1.683		224.691		9.117		0.9159845088		0.0907191259		0.9092808741		0.8626394586		0.0329804612		339.856		17.1		0.1789432928		0.8210567072		0.9080357371		0.0615034619

		340		255.348		3.412		0.9921397516		0.0588103487		0.9411896513		0.914515105		0.0213513915		224.154		-6.742		235.654		8		0.9606767224		0.0796043663		0.9203956337		0.8852614176		0.0248436424		342.306		17.4		0.1820826488		0.8179173512		0.9064660591		0.0626133918

		360		257.371		1.804		1		0.0310943344		0.9689056656		0.9253343301		0.0268027046		233.761		-10.689		245.261		7.5		0.999841011		0.0746290934		0.9253709066		0.8954300717		0.0211713674		344.634		17.7		0.1852220048		0.8147779952		0.9048963811		0.0637233218

						50C3K-1								50C3K2												60C3K-2										40C3K

		0		0.001		101.397		1		0				-31.747		104.138		1		0				-58.59		126.807		137.807		1		0				83.2		-16.372		102.2		1		0

		20		10.2		86.238		0.8504985355		0.1495014645				6.331		83.626		0.803030594		0.196969406				-15.409		118.434		129.434		0.9392411126		0.0607588874				82.937		-4.665		101.937		0.9974266145		0.0025733855

		40		21.63		64.515		0.6362614279		0.3637385721				36.769		71.344		0.685090937		0.314909063				71.125		75.808		86.808		0.6299244596		0.3700755404				82.648		0.721		101.648		0.9945988258		0.0054011742

		60		50.591		51.422		0.5071353196		0.4928646804				64.669		61.203		0.5877105379		0.4122894621				149.321		39.212		50.212		0.3643646549		0.6356353451				80.151		6.739		99.151		0.9701663405		0.0298336595

		80		76.918		40.123		0.3957020425		0.6042979575				90.29		51.482		0.4943632488		0.5056367512				213.276		11.02		22.02		0.15978869		0.84021131				78.03		16.672		97.03		0.9494129159		0.0505870841

		100		100.38		30.745		0.303214099		0.696785901				115.172		42.538		0.4084772129		0.5915227871				258.197		-2.497		8.503		0.0617022357		0.9382977643				71.303		34.045		90.303		0.883590998		0.116409002

		120		120.947		23.018		0.2270086886		0.7729913114				139.063		33.717		0.3237723021		0.6762276979				288.232		-8.09		2.91		0.021116489		0.978883511				62.885		53.73		81.885		0.801223092		0.198776908

		140		139.722		16.483		0.1625590501		0.8374409499				161.158		26.418		0.2536826135		0.7463173865				309.149		-10.313		0.687		0.004985233		0.995014767				55.381		73.607		74.381		0.7277984344		0.2722015656

		160		155.825		11.471		0.1131295798		0.8868704202				180.803		20.484		0.196700532		0.803299468				321.155		-10.313		0.687		0.004985233		0.995014767				47.181		92.015		66.181		0.6475636008		0.3524363992

		180		170.539		7.914		0.0780496464		0.9219503536				198.381		15.914		0.1528164551		0.8471835449				330.964		-10.313		0.687		0.004985233		0.995014767				45.1		115.866		64.1		0.6272015656		0.3727984344

		200		182.525		6.262		0.0617572512		0.9382427488				214.215		12.564		0.1206476022		0.8793523978				337.928		-10.313		0.687		0.004985233		0.995014767				42.515		121.77		61.515		0.6019080235		0.3980919765

		220		193.237		6.205		0.0611951044		0.9388048956				227.817		10.846		0.1041502622		0.8958497378				343.843		-10.313		0.687		0.004985233		0.995014767				32.999		138.261		51.999		0.5087964775		0.4912035225

		240		202.579		6.479		0.063897354		0.936102646				238.5		11.645		0.1118227736		0.8881772264				349.426		-10.313		0.687		0.004985233		0.995014767				23.985		153.843		42.985		0.4205968689		0.5794031311

		260		212.89		5.219		0.0514709508		0.9485290492				247.671		11.789		0.1132055542		0.8867944458				351.582		-10.313		0.687		0.004985233		0.995014767				16.264		168.546		35.264		0.3450489237		0.6549510763

		280		219.196		7.335		0.0723394183		0.9276605817				254.195		11.933		0.1145883347		0.8854116653				353.998		-10.313		0.687		0.004985233		0.995014767				9.211		182.38		28.211		0.276037182		0.723962818

		300		225.02		7.385		0.0728325296		0.9271674704				261.305		12.077		0.1159711153		0.8840288847				356.487		-10.313		0.687		0.004985233		0.995014767				5.933		195.656		24.933		0.243962818		0.756037182

		320		231.102		7.395		0.0729311518		0.9270688482				266.391		12.221		0.1173538958		0.8826461042				357.9		-10.313		0.687		0.004985233		0.995014767				-0.195		207.344		18.805		0.1840019569		0.8159980431

		340		234.507		8.001		0.07890766		0.92109234				267.772		12.365		0.1187366763		0.8812633237				361.477		-10.313		0.687		0.004985233		0.995014767				-3.683		218.206		15.317		0.1498727984		0.8501272016

		360		239.174		7.38		0.0727832184		0.9272167816				272.296		12.509		0.1201194569		0.8798805431				364.098		-10.313		0.687		0.004985233		0.995014767				-5.253		228.943		13.747		0.1345107632		0.8654892368

																								365.159		-10.313		0.687		0.004985233		0.995014767				-6.683		238.393		12.317		0.120518591		0.879481409
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Sheet1

		

		1		10		68.004		12.025		0.8000470588		0.0628593832

		2		30		78.682		9.227		0.9256705882		0.0482331417

		3		50		83.773		7.856		0.9855647059		0.0410663879

		4		70		84.493		7.845		0.9940352941		0.0410088866

		5		90		83.257		8.935		0.9794941176		0.0467067433

		6		110		80.241		10.655		0.9440117647		0.0556978568

		7		130		76.36		12.462		0.8983529412		0.0651437533

		8		150		72.249		14.342		0.8499882353		0.0749712493

		9		170		72.249		14.342		0.8499882353		0.0749712493

		10		190		68.597		16.036		0.8070235294		0.0838264506

		11		210		65.088		17.93		0.7657411765		0.0937271302

		12		230		54.462		35.357		0.6407294118		0.1848248824

		13		250		27.134		106.382		0.3192235294		0.5561003659

		14		270		10.673		159.107		0.1255647059		0.8317145844

		15		290		8.554		174.141		0.1006352941		0.9103031887

		16		310		8.104		178.516		0.0953411765		0.9331730267

		17		330		8.663		179.12		0.1019176471		0.9363303711

		18		350		4.888		184.28		0.0575058824		0.9633037114

		19		370		2.433		187.45		0.0286235294		0.9798745426

				400		2.288		187.79		0.0269176471		0.9816518557

				430		1.302		189.237		0.0153176471		0.9892158913

				460		1.567		188.474		0.0184352941		0.9852273915

				490		0.421		189.577		0.0049529412		0.9909932044

				520		0		190.056		0		0.9934971249

				550		0		190.149		0		0.9939832723

				580		0		190.594		0		0.9963094616

				610		0		191.077		0		0.9988342917

				3720		0		191.238		0		0.9996759017
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TIP-acetate

		

						cond		hexamer						condensed		hexamer		water		TiOH

		1		10		86.083		905		175.244		5.401		0.0556811125		0.8450046685		0.6818832685		0.10802

		2		20		83.908		910		167.904		15.104		0.0542742561		0.8496732026		0.6533229572		0.30208

		3		40		76.153		915.281		160.111		17.892		0.0492580854		0.8546041083		0.623		0.35784

		4		80		61.507		967.362		159.38		26.879		0.0397846054		0.903232493		0.620155642		0.53758

		5		100		40.728		1002.868		153.339		32.241		0.0263441138		0.9363846872		0.5966498054		0.64482

		6		120		39.7		1007.01		150.808		35.181		0.0256791721		0.9402521008		0.5868015564		0.70362

		7		240		18.61		1047.7		143.397		44.832		0.0120375162		0.9782446312		0.5579649805		0.89664

		8		360		12.186		1060.322		140.666		49.489		0.0078822768		0.9900298786		0.5473385214		0.98978

		9		480		7.119		1070.795		141.643		48.358		0.0046047865		0.9998085901		0.5511400778		0.96716

		10		600		7.687		1069.361		144.066		46.729		0.0049721863		0.9984696545		0.5605680934		0.93458

		11		720		7.061		1074.265		146.154		47.282		0.0045672704		1.0030485528		0.568692607		0.94564

		12		840		8.053		1068.819		149.714		44.437		0.0052089263		0.9979635854		0.5825447471		0.88874

		13		960		16.159		1040.279		158.157		32.689		0.0104521345		0.9713155929		0.6153968872		0.65378

		14		1080		13.883		1048.374		158.022		34.828		0.0089799483		0.9788739496		0.6148715953		0.69656

		15		1200		19.56		1032.163		163.023		28.098		0.0126520052		0.9637376284		0.6343307393		0.56196

		16		1320		19.159		1032.551		160.845		31.07		0.0123926261		0.9640999066		0.6258560311		0.6214

		17		1440		29.02		1015.706		170.012		25.16		0.018771022		0.9483716153		0.6615252918		0.5032

		18		1560		42.827		980.452		179.091		14.292		0.0277018111		0.9154547152		0.6968521401		0.28584

		19		1680		57.953		949.269		189.368		5.589		0.0374857697		0.8863389356		0.7368404669		0.11178

		20		1800		79.976		904.121		194.085		-1.843		0.0517309185		0.8441839402		0.7551945525		0

		21		1920		670.12		525.994		196.749		-3.305		0.433454075		0.491124183		0.7655603113		0

		22		2040		1448.691		93.318		212.102		-13.111		0.9370575679		0.0871316527		0.8252996109		0

		23		2160		1491.124		89.451		216.761		-15.133		0.9645045278		0.0835210084		0.8434280156		0

		24		2280		1506.777		78.64		221.198		-17.592		0.9746293661		0.073426704		0.860692607		0

		25		2400		1515.49		71.538		224.234		-19.129		0.9802652005		0.0667955182		0.8725058366		0

		26		2520		1522.975		66.066		228.356		-22.652		0.985106727		0.0616862745		0.8885447471		0

		27		2640		1529.342		54.74		232.744		-24.851		0.989225097		0.0511111111		0.905618677		0

		28		2760		1538.858		42.296		234.77		-27.384		0.9953803364		0.0394920635		0.9135019455		0

		29		2880		1542.792		41.334		239.769		-31.013		0.9979249677		0.0385938375		0.9329533074		0

		30		3000		1544.593		48.065		241.659		-30.937		0.9990899094		0.0448786181		0.940307393		0

		31		3120		1547.662		41.757		243.994		-32.559		1.0010750323		0.0389887955		0.9493929961		0

		32		3240		1548.264		39.652		248.085		-35.114		1.0014644243		0.0370233427		0.965311284		0

		33		3360		1549.397		45.289		250.774		-35.199		1.0021972833		0.042286648		0.9757743191		0

		34		3480		1545.227		46.483		253.968		-38.302		0.9995		0.0434014939		0.9882023346		0

		35		3600		1545.996		40.967		255.048		-39.65		0.9999974127		0.0382511671		0.9924046693		0

		36		3720		1545.728		42.393		257.062		-39.858		0.9998240621		0.0395826331		1.0002412451		0
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0.9979249677

0.0385938375
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0.0448786181

1.0010750323
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1.0014644243
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0.042286648
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0.0434014939

0.9999974127
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TIP-acetate

		

						cond		hexamer						condensed		hexamer		water		TiOH

		1		10		86.083		991.711		175.244		5.401		0.0556811125		0.9259673203		0.6818832685		0.10802

		2		20		83.908		947.469		167.904		15.104		0.0542742561		0.8846582633		0.6533229572		0.30208

		3		40		76.153		915.281		160.111		17.892		0.0492580854		0.8546041083		0.623		0.35784

		4		80		61.507		967.362		159.38		26.879		0.0397846054		0.903232493		0.620155642		0.53758

		5		100		40.728		1002.868		153.339		32.241		0.0263441138		0.9363846872		0.5966498054		0.64482

		6		120		39.7		1007.01		150.808		35.181		0.0256791721		0.9402521008		0.5868015564		0.70362

		7		240		18.61		1047.7		143.397		44.832		0.0120375162		0.9782446312		0.5579649805		0.89664

		8		360		12.186		1060.322		140.666		49.489		0.0078822768		0.9900298786		0.5473385214		0.98978

		9		480		7.119		1070.795		141.643		48.358		0.0046047865		0.9998085901		0.5511400778		0.96716

		10		600		7.687		1069.361		144.066		46.729		0.0049721863		0.9984696545		0.5605680934		0.93458

		11		720		7.061		1074.265		146.154		47.282		0.0045672704		1.0030485528		0.568692607		0.94564

		12		840		8.053		1068.819		149.714		44.437		0.0052089263		0.9979635854		0.5825447471		0.88874

		13		960		16.159		1040.279		158.157		32.689		0.0104521345		0.9713155929		0.6153968872		0.65378

		14		1080		13.883		1048.374		158.022		34.828		0.0089799483		0.9788739496		0.6148715953		0.69656

		15		1200		19.56		1032.163		163.023		28.098		0.0126520052		0.9637376284		0.6343307393		0.56196

		16		1320		19.159		1032.551		160.845		31.07		0.0123926261		0.9640999066		0.6258560311		0.6214

		17		1440		29.02		1015.706		170.012		25.16		0.018771022		0.9483716153		0.6615252918		0.5032

		18		1560		42.827		980.452		179.091		14.292		0.0277018111		0.9154547152		0.6968521401		0.28584

		19		1680		57.953		949.269		189.368		5.589		0.0374857697		0.8863389356		0.7368404669		0.11178

		20		1800		79.976		904.121		194.085		-1.843		0.0517309185		0.8441839402		0.7551945525		0

		21		1920		670.12		525.994		196.749		-3.305		0.433454075		0.491124183		0.7655603113		0

		22		2040		1448.691		93.318		212.102		-13.111		0.9370575679		0.0871316527		0.8252996109		0

		23		2160		1491.124		89.451		216.761		-15.133		0.9645045278		0.0835210084		0.8434280156		0

		24		2280		1506.777		78.64		221.198		-17.592		0.9746293661		0.073426704		0.860692607		0

		25		2400		1515.49		71.538		224.234		-19.129		0.9802652005		0.0667955182		0.8725058366		0

		26		2520		1522.975		66.066		228.356		-22.652		0.985106727		0.0616862745		0.8885447471		0

		27		2640		1529.342		54.74		232.744		-24.851		0.989225097		0.0511111111		0.905618677		0

		28		2760		1538.858		42.296		234.77		-27.384		0.9953803364		0.0394920635		0.9135019455		0

		29		2880		1542.792		41.334		239.769		-31.013		0.9979249677		0.0385938375		0.9329533074		0

		30		3000		1544.593		48.065		241.659		-30.937		0.9990899094		0.0448786181		0.940307393		0

		31		3120		1547.662		41.757		243.994		-32.559		1.0010750323		0.0389887955		0.9493929961		0

		32		3240		1548.264		39.652		248.085		-35.114		1.0014644243		0.0370233427		0.965311284		0

		33		3360		1549.397		45.289		250.774		-35.199		1.0021972833		0.042286648		0.9757743191		0

		34		3480		1545.227		46.483		253.968		-38.302		0.9995		0.0434014939		0.9882023346		0

		35		3600		1545.996		40.967		255.048		-39.65		0.9999974127		0.0382511671		0.9924046693		0

		36		3720		1545.728		42.393		257.062		-39.858		0.9998240621		0.0395826331		1.0002412451		0
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ZBO-acetate

		Concentrations

		1		10				0		83.495		0		1

		2		12				0		83.495		0		1

		3		14				0		83.495		0		1

		4		16				0		83.495		0		1

		5		17				0		83.495		0		1

		6		19				0		83.495		0		1

		7		19				0		83.495		0		1

		8		29				0		83.495		0		1

		9		39				0		83.495		0		1

		10		49				0.278		80.158		0.0032629108		0.9600335349

		11		59				2.119		77.624		0.024870892		0.9296844122

		12		69				6.093		73.766		0.0715140845		0.8834780526

		13		69				5.931		73.796		0.0696126761		0.8838373555

		14		89				12.825		66.996		0.150528169		0.802395353

		15		109				18.476		61.554		0.2168544601		0.7372177975

		16		129				23.8		55.965		0.279342723		0.6702796575

		17		129				23.532		56.295		0.2761971831		0.6742319899

		18		159				29.36		50.937		0.344600939		0.6100604827

		19		189				35.465		44.135		0.4162558685		0.5285945266

		20		219				41.312		37.349		0.4848826291		0.4473201988

		21		249				44.362		35.323		0.5206807512		0.4230552728

		22		279				47.964		32.241		0.5629577465		0.3861428828

		23		309				50.786		29.535		0.5960798122		0.3537337565

		24		339				53.471		26.859		0.6275938967		0.3216839332

		25		369				56.026		24.642		0.6575821596		0.295131445

		26		399				58.256		22.356		0.6837558685		0.26775256

		27		429				60.531		20.417		0.7104577465		0.2445296126

		28		459				62.226		18.667		0.7303521127		0.2235702737

		29		489				63.894		16.687		0.7499295775		0.1998562788

		30		519				65.483		14.739		0.7685798122		0.1765255405

		31		549				66.964		13.042		0.7859624413		0.1562009701

		32		579				68.37		11.387		0.8024647887		0.1363794239

		33		609				69.686		9.952		0.8179107981		0.119192766

		34		639				71.052		8.94		0.833943662		0.1070722798

		35		669				72.341		7.861		0.84907277		0.0941493503

		36		699				73.003		7.183		0.856842723		0.0860291035

		37		729				74.349		5.944		0.8726408451		0.0711898916

		38		759				75.174		5.044		0.8823239437		0.060410803

		39		789				76.334		3.881		0.8959389671		0.0464818253

		40		819				77.152		3.136		0.9055399061		0.0375591353

		41		849				78.133		2.284		0.9170539906		0.0273549314

		42		879				78.598		1.829		0.9225117371		0.0219055033

		43		909				79.679		0.774		0.9351995305		0.0092700162

		44		939				80.093		0.35		0.9400586854		0.0041918678

		45		969				80.517		0		0.9450352113		0

		46		999				81.543		0		0.9570774648		0

		47		1029				81.788		0		0.9599530516		0

		48		1059				82.538		0		0.9687558685		0

		49		1089				82.4		0		0.9671361502		0

		50		1119				82.843		0		0.9723356808		0

		51		1149				83.15		0		0.9759389671		0

		52		1179				83.412		0		0.9790140845		0

		53		1209				83.547		0		0.9805985915		0

		54		1239				84.001		0		0.98592723		0

		55		1269				84.056		0		0.98657277		0

		56		1299				85.168		0		0.9996244131		0

		57		1329				84.734		0		0.9945305164		0
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		0		0		0		0		0		0		0		0		0

		20		20		20		0.0484208711		0.0484208711		0.0534913484		0.0534913484		0.077020025		0.077020025

		40		40		40		0.0359802308		0.0359802308		0.0310683824		0.0310683824		0.0686204525		0.0686204525

		60		60		60		0.0459645732		0.0459645732		0.0406938165		0.0406938165		0.0291244648		0.0291244648

		80		80		80		0.052951374		0.052951374		0.0231005108		0.0231005108		0.0294496738		0.0294496738

		100		100		100		0.0551990864		0.0551990864		0.0830507684		0.0830507684		0.0370381986		0.0370381986

		120		120		120		0.0500724075		0.0500724075		0.0779526025		0.0779526025		0.025215407		0.025215407

		140		140		140		0.0461396635		0.0461396635		0.0529153607		0.0529153607		0.0087045714		0.0087045714

		160		160		160		0.041948468		0.041948468		0.0570931645		0.0570931645		0.0256266352		0.0256266352

		180		180		180		0.0373894733		0.0373894733		0.055536331		0.055536331		0.0380079557		0.0380079557

		200		200		200		0.029476676		0.029476676		0.0425125921		0.0425125921		0.0367402232		0.0367402232

		220		220		220		0.0214783142		0.0214783142		0.0247134068		0.0247134068		0.0354724906		0.0354724906

		240		240		240		0.0240569712		0.0240569712		0.0128907619		0.0128907619		0.0342047581		0.0342047581

		260		260		260		0.0309213708		0.0309213708		0.0076861523		0.0076861523		0.0329370255		0.0329370255

		280		280		280		0.02216621		0.02216621		0.0041555728		0.0041555728		0.0316692929		0.0316692929

		300		300		300		0.0230436108		0.0230436108		0.00638336		0.00638336		0.0304015604		0.0304015604

		320		320		320		0.0245816551		0.0245816551		0.0113803531		0.0113803531		0.0291338278		0.0291338278

		340		340		340		0.0237085902		0.0237085902		0.0168393658		0.0168393658		0.0278660953		0.0278660953

		360		360		360		0.0268027046		0.0268027046		0.0224254921		0.0224254921		0.0265983627		0.0265983627
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50C3K1--4-3-1000-2

		Concentrations						50C3K

		Spectrum		1		(1058.2168		cm-1)		2		(1102.5906		Average		STD

		0		20.302		58.017		0.0788822361		1		0		0		0

		20		52.516		35.243		0.2040478531		0.6074598824		0.3925401176		0.246336996		0.0484208711

		40		77.071		30.363		0.2994548725		0.5233466053		0.4766533947		0.3851003433		0.0359802308

		60		100.114		25.089		0.3889871042		0.4324422152		0.5675577848		0.4909039758		0.0459645732

		80		122.372		20.018		0.4754692642		0.3450367996		0.6549632004		0.5882993031		0.052951374

		100		143.227		15.629		0.5565001496		0.2693865591		0.7306134409		0.672974043		0.0551990864

		120		162.003		12.088		0.6294532018		0.2083527242		0.7916472758		0.7469554283		0.0500724075

		140		178.334		9.88		0.6929063492		0.1702949136		0.8297050864		0.8044878076		0.0461396635

		160		192.629		7.874		0.7484487374		0.135718841		0.864281159		0.8514836824		0.041948468

		180		204.664		6.494		0.7952100275		0.1119327094		0.8880672906		0.8857337297		0.0373894733

		200		214.667		5.702		0.8340761003		0.0982815382		0.9017184618		0.9064378695		0.029476676

		220		223.436		4.85		0.868147538		0.0835961873		0.9164038127		0.917019482		0.0214783142

		240		230.225		4.456		0.8945258013		0.0768050744		0.9231949256		0.9158249327		0.0240569712

		260		236.563		4.226		0.9191517304		0.0728407191		0.9271592809		0.920827592		0.0309213708

		280		242.403		3.398		0.9418427096		0.0585690401		0.9414309599		0.9181677356		0.02216621

		300		247.167		3.032		0.9603529535		0.0522605443		0.9477394557		0.9196452703		0.0230436108

		320		251.379		2.345		0.9767184337		0.0404191875		0.9595808125		0.9230985883		0.0245816551

		340		255.348		1.855		0.9921397516		0.0319733871		0.9680266129		0.9234607589		0.0237085902

		360		257.371		1.804		1		0.0310943344		0.9689056656		0.9253343301		0.0268027046

						50C3K-1								50C3K2																						40C3K

		0		0.001		101.397		1		0				-31.747		104.138		1		0																83.2		-16.372		102.2		1		0

		20		10.2		86.238		0.8504985355		0.1495014645				6.331		83.626		0.803030594		0.196969406																82.937		-4.665		101.937		0.9974266145		0.0025733855

		40		21.63		64.515		0.6362614279		0.3637385721				36.769		71.344		0.685090937		0.314909063																82.648		0.721		101.648		0.9945988258		0.0054011742

		60		50.591		51.422		0.5071353196		0.4928646804				64.669		61.203		0.5877105379		0.4122894621																80.151		6.739		99.151		0.9701663405		0.0298336595

		80		76.918		40.123		0.3957020425		0.6042979575				90.29		51.482		0.4943632488		0.5056367512																78.03		16.672		97.03		0.9494129159		0.0505870841

		100		100.38		30.745		0.303214099		0.696785901				115.172		42.538		0.4084772129		0.5915227871																71.303		34.045		90.303		0.883590998		0.116409002

		120		120.947		23.018		0.2270086886		0.7729913114				139.063		33.717		0.3237723021		0.6762276979																62.885		53.73		81.885		0.801223092		0.198776908

		140		139.722		16.483		0.1625590501		0.8374409499				161.158		26.418		0.2536826135		0.7463173865																55.381		73.607		74.381		0.7277984344		0.2722015656

		160		155.825		11.471		0.1131295798		0.8868704202				180.803		20.484		0.196700532		0.803299468																47.181		92.015		66.181		0.6475636008		0.3524363992

		180		170.539		7.914		0.0780496464		0.9219503536				198.381		15.914		0.1528164551		0.8471835449																45.1		115.866		64.1		0.6272015656		0.3727984344

		200		182.525		6.262		0.0617572512		0.9382427488				214.215		12.564		0.1206476022		0.8793523978																42.515		121.77		61.515		0.6019080235		0.3980919765

		220		193.237		6.205		0.0611951044		0.9388048956				227.817		10.846		0.1041502622		0.8958497378																32.999		138.261		51.999		0.5087964775		0.4912035225

		240		202.579		6.479		0.063897354		0.936102646				238.5		11.645		0.1118227736		0.8881772264																23.985		153.843		42.985		0.4205968689		0.5794031311

		260		212.89		5.219		0.0514709508		0.9485290492				247.671		11.789		0.1132055542		0.8867944458																16.264		168.546		35.264		0.3450489237		0.6549510763

		280		219.196		7.335		0.0723394183		0.9276605817				254.195		11.933		0.1145883347		0.8854116653																9.211		182.38		28.211		0.276037182		0.723962818

		300		225.02		7.385		0.0728325296		0.9271674704				261.305		12.077		0.1159711153		0.8840288847																2.933		195.656		21.933		0.2146086106		0.7853913894

		320		231.102		7.395		0.0729311518		0.9270688482				266.391		12.221		0.1173538958		0.8826461042																-2.195		207.344		16.805		0.1644324853		0.8355675147

		340		234.507		8.001		0.07890766		0.92109234				267.772		12.365		0.1187366763		0.8812633237																-6.683		218.206		12.317		0.120518591		0.879481409

		360		239.174		7.38		0.0727832184		0.9272167816				272.296		12.509		0.1201194569		0.8798805431																-11.508		228.943		7.492		0.0733072407		0.9266927593

																																				-15.292		238.393		3.708		0.0362818004		0.9637181996

				50C2K-1												50C2K-2												50C2K-3										Average		STD

		0		-15.098		47.66		56.66		1		0				-6.78		54.432		72.432		1		0				-16.992		62.759		80.759		1		0		0		0

		20		29.552		30.739		39.739		0.7013589834		0.2986410166				45.298		40.212		58.212		0.8036779324		0.1963220676				35.806		49.328		67.328		0.8336903627		0.1663096373		0.2204242405		0.0534913484

		40		78.607		25.418		34.418		0.6074479351		0.3925520649				100.383		30.362		48.362		0.6676883146		0.3323116854				92.766		30.293		48.293		0.5979890786		0.4020109214		0.3756248906		0.0310683824

		60		123.88		20.941		29.941		0.5284327568		0.4715672432				149.719		14.655		32.655		0.4508366468		0.5491633532				143.876		16.391		34.391		0.425847274		0.574152726		0.5316277741		0.0406938165

		80		164.933		13.067		22.067		0.3894634663		0.6105365337				192.924		9.052		27.052		0.3734813342		0.6265186658				188.589		3.712		21.712		0.2688492923		0.7311507077		0.6560686357		0.0231005108

		100		203.648		8.466		17.466		0.3082597953		0.6917402047				231.045		-7.599		10.401		0.1435967528		0.8564032472				228.448		-4.331		13.669		0.1692566773		0.8307433227		0.7929622582		0.0830507684

		120		237.237		4.21		13.21		0.2331450759		0.7668549241				262.734		-12.282		5.718		0.0789430086		0.9210569914				261.559		-10.22		7.78		0.0963360121		0.9036639879		0.8638586345		0.0779526025

		140		265.804		0.51		9.51		0.1678432757		0.8321567243				287.228		-13.251		4.749		0.0655649437		0.9344350563				287.179		-14.28		3.72		0.0460629775		0.9539370225		0.9068429344		0.0529153607

		160		290.561		-1.023		7.977		0.1407871514		0.8592128486				308.295		-15.936		2.064		0.0284956925		0.9715043075				308.77		-15.511		2.489		0.0308200944		0.9691799056		0.9332990206		0.0570931645

		180		312.616		-1.025		7.975		0.1407518532		0.8592481468				325.56		-15.667		2.333		0.0322095207		0.9677904793				326.664		-15.962		2.038		0.0252355775		0.9747644225		0.9339343496		0.055536331

		200		330.483		-2.278		6.722		0.1186374868		0.8813625132				339.122		-15.398		2.602		0.0359233488		0.9640766512				340.404		-15.89		2.11		0.026127119		0.973872881		0.9397706818		0.0425125921

		220		348.538		-4.068		4.932		0.0870455348		0.9129544652				352.602		-15.129		2.871		0.0396371769		0.9603628231				354.129		-15.818		2.182		0.0270186605		0.9729813395		0.9487662093		0.0247134068

		240		365.383		-5.209		3.791		0.0669078715		0.9330921285				364.393		-14.86		3.14		0.0433510051		0.9566489949				366.286		-15.746		2.254		0.027910202		0.972089798		0.9539436405		0.0128907619

		260		374.339		-5.643		3.357		0.0592481468		0.9407518532				368.485		-14.591		3.409		0.0470648332		0.9529351668				369.65		-15.674		2.326		0.0288017435		0.9711982565		0.9549617588		0.0076861523

		280		387.386		-6.077		2.923		0.0515884222		0.9484115778				378.05		-14.322		3.678		0.0507786614		0.9492213386				379.207		-15.602		2.398		0.029693285		0.970306715		0.9559798772		0.0041555728

		300		394.339		-6.511		2.489		0.0439286975		0.9560713025				381.38		-14.053		3.947		0.0544924895		0.9455075105				381.562		-15.53		2.47		0.0305848265		0.9694151735		0.9569979955		0.00638336

		320		403.177		-6.945		2.055		0.0362689728		0.9637310272				386.416		-13.784		4.216		0.0582063176		0.9417936824				386.477		-15.458		2.542		0.031476368		0.968523632		0.9580161139		0.0113803531

		340		414.108		-7.379		1.621		0.0286092481		0.9713907519				392.934		-13.515		4.485		0.0619201458		0.9380798542				392.702		-15.386		2.614		0.0323679095		0.9676320905		0.9590342322		0.0168393658

		360		415.02		-7.813		1.187		0.0209495235		0.9790504765				393.35		-13.246		4.754		0.0656339739		0.9343660261				391.95		-15.314		2.686		0.033259451		0.966740549		0.9600523505		0.0224254921

				50C1.5K												50C1.5K-1										Average

		0		-56.203		125.235		190.235		1		0				-55.288		124.534		184.534		1		0		0		0

		20		110.004		12.247		77.247		0.4060609246		0.5939390754				105.694		35.032		95.032		0.5149836886		0.4850163114		0.5394776934		0.077020025

		40		158.719		-14.149		50.851		0.2673062265		0.7326937735				153.168		7.235		67.235		0.364350201		0.635649799		0.6841717862		0.0686204525

		60		197.824		-32.478		32.522		0.1709569743		0.8290430257				191.458		-20.852		39.148		0.2121451873		0.7878548127		0.8084489192		0.0291244648

		80		232.992		-48.199		16.801		0.0883170815		0.9116829185				226.045		-36.017		23.983		0.1299652097		0.8700347903		0.8908588544		0.0294496738

		100		261.533		-57.663		7.337		0.0385680868		0.9614319132				254.29		-43.217		16.783		0.0909480096		0.9090519904		0.9352419518		0.0370381986

		120		283.402		-61.447		3.553		0.0186768996		0.9813231004				276.097		-49.973		10.027		0.0543368702		0.9456631298		0.9634931151		0.025215407

		140		299.286		-61.108		3.892		0.0204589061		0.9795410939				292.249		-53.953		6.047		0.032769029		0.967230971		0.9733860324		0.0087045714

		160		309.514		-60.769		4.231		0.0222409126		0.9777590874				302.772		-49.208		10.792		0.0584824477		0.9415175523		0.9596383199		0.0256266352

		180		319.747		-60.43		4.57		0.024022919		0.975977081				313.332		-45.648		14.352		0.0777742855		0.9222257145		0.9491013977		0.0380079557

		200		321.88		-60.091		4.909		0.0258049255		0.9741950745				315.971		-45.65		14.35		0.0777634474		0.9222365526		0.9482158136		0.0367402232

		220		325.214		-59.752		5.248		0.027586932		0.972413068				319.648		-45.652		14.348		0.0777526093		0.9222473907		0.9473302294		0.0354724906

		240		325.438		-59.413		5.587		0.0293689384		0.9706310616				320.499		-45.654		14.346		0.0777417712		0.9222582288		0.9464446452		0.0342047581

		260		324.85		-59.074		5.926		0.0311509449		0.9688490551				320.298		-45.656		14.344		0.0777309331		0.9222690669		0.945559061		0.0329370255

		280		322.123		-58.735		6.265		0.0329329513		0.9670670487				317.857		-45.658		14.342		0.0777200949		0.9222799051		0.9446734769		0.0316692929

		300		321.053		-58.396		6.604		0.0347149578		0.9652850422				317.623		-45.66		14.34		0.0777092568		0.9222907432		0.9437878927		0.0304015604

		320		316.914		-58.057		6.943		0.0364969643		0.9635030357				313.42		-45.662		14.338		0.0776984187		0.9223015813		0.9429023085		0.0291338278

		340		320.149		-57.718		7.282		0.0382789707		0.9617210293				317.007		-45.664		14.336		0.0776875806		0.9223124194		0.9420167243		0.0278660953

		360		314.98		-57.379		7.621		0.0400609772		0.9599390228				312.059		-45.666		14.334		0.0776767425		0.9223232575		0.9411311401		0.0265983627
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		Acetic												Formic												Benzoic												Chloro

		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD

		40		0.06		0.01		0		0.02		0.03		40		0		0		0		0.00		0.00		40		0.07		0		0.07		0.05		0.04		40		0.23		0.18		0.35		0.25		0.09

		60		0.09		0.08		0.05		0.07		0.02		60		0.03		0.03		0.02		0.03		0.01		60		0.19		0.16		0.19		0.18		0.02		60		0.39		0.38		0.51		0.43		0.07

		80		0.14		0.15		0.13		0.14		0.01		80		0.04		0.05		0.04		0.04		0.01		80		0.33		0.34		0.32		0.33		0.01		80		0.53		0.56		0.64		0.58		0.06

		100		0.19		0.23		0.21		0.21		0.02		100		0.07		0.08		0.06		0.07		0.01		100		0.46		0.51		0.46		0.48		0.03		100		0.67		0.71		0.76		0.71		0.05

		120		0.26		0.3		0.3		0.29		0.02		120		0.11		0.12		0.1		0.11		0.01		120		0.59		0.66		0.58		0.61		0.04		120		0.78		0.83		0.86		0.82		0.04

		140		0.33		0.38		0.39		0.37		0.03		140		0.17		0.16		0.14		0.16		0.02		140		0.71		0.8		0.7		0.74		0.06		140		0.88		0.94		0.95		0.92		0.04

		160		0.4		0.46		0.47		0.44		0.04		160		0.22		0.21		0.19		0.21		0.02		160		0.81		0.92		0.81		0.85		0.06		160		0.98		1.02		1.01		1.00		0.02

		180		0.47		0.54		0.55		0.52		0.04		180		0.28		0.26		0.24		0.26		0.02		180		0.9		1.03		0.91		0.95		0.07		180		1.04		1.1		1.07		1.07		0.03

		200		0.54		0.62		0.62		0.59		0.05		200		0.34		0.32		0.29		0.32		0.03		200		0.98		1.09		0.99		1.02		0.06		200		1.12		1.14		1.14		1.13		0.01

		220		0.61		0.68		0.69		0.66		0.04		220		0.4		0.37		0.35		0.37		0.03		220		1.07		1.16		1.08		1.10		0.05		220		1.17		1.2		1.17		1.18		0.02

		240		0.67		0.77		0.76		0.73		0.06		240		0.46		0.43		0.4		0.43		0.03		240		1.13		1.22		1.15		1.17		0.05		240		1.2		1.24		1.21		1.22		0.02

		260		0.74		0.84		0.83		0.80		0.06		260		0.52		0.48		0.45		0.48		0.04		260		1.18		1.27		1.21		1.22		0.05		260		1.26		1.28		1.23		1.26		0.03

		280		0.81		0.9		0.89		0.87		0.05		280		0.58		0.53		0.49		0.53		0.05		280		1.23		1.31		1.26		1.27		0.04		280		1.27		1.3		1.26		1.28		0.02

		300		0.86		0.96		0.94		0.92		0.05		300		0.64		0.58		0.54		0.59		0.05		300		1.27		1.34		1.31		1.31		0.04		300		1.31		1.32		1.29		1.31		0.02

		320		0.92		1.02		1		0.98		0.05		320		0.69		0.63		0.59		0.64		0.05		320		1.32		1.35		1.34		1.34		0.02		320		1.35		1.34		1.31		1.33		0.02

		340		0.97		1.05		1.04		1.02		0.04		340		0.74		0.68		0.64		0.69		0.05		340		1.34		1.36		1.35		1.35		0.01		340		1.38		1.36		1.32		1.35		0.03

		360		1.04		1.11		1.1		1.08		0.04		360		0.79		0.73		0.68		0.73		0.06		360		1.35		1.37		1.36		1.36		0.01		360		1.38		1.37		1.33		1.36		0.03

		380		1.07		1.14		1.13		1.11		0.04		380		0.84		0.78		0.72		0.78		0.06		380		1.36		1.38		1.37		1.37		0.01		380		1.39		1.38		1.35		1.37		0.02

		400		1.11		1.19		1.16		1.15		0.04		400		0.88		0.81		0.76		0.82		0.06		400		1.37		1.39		1.38		1.38		0.01		400		1.39		1.39		1.36		1.38		0.02

		420		1.15		1.21		1.2		1.19		0.03		420		0.93		0.86		0.8		0.86		0.07		420		1.38		1.4		1.39		1.39		0.01		420		1.41		1.4		1.37		1.39		0.02

		440		1.19		1.24		1.22		1.22		0.03		440		0.97		0.9		0.83		0.90		0.07		440		1.39		1.41		1.4		1.40		0.01		440		1.43		1.41		1.39		1.41		0.02

		460		1.21		1.26		1.25		1.24		0.03		460		1.01		0.94		0.87		0.94		0.07		460		1.39		1.42		1.41		1.41		0.02		460		1.44		1.42		1.4		1.42		0.02

		480		1.25		1.29		1.27		1.27		0.02		480		1.05		0.97		0.91		0.98		0.07		480		1.39		1.43		1.42		1.41		0.02		480		1.45		1.43		1.41		1.43		0.02

		500		1.27		1.31		1.29		1.29		0.02		500		1.09		1		0.94		1.01		0.08		500		1.39		1.44		1.42		1.42		0.03		500		1.45		1.44		1.42		1.44		0.02

		520		1.29		1.33		1.3		1.31		0.02		520		1.11		1.04		0.96		1.04		0.08		520		1.39		1.45		1.43		1.42		0.03		520		1.45		1.45		1.43		1.44		0.01

		540		1.34		1.34		1.32		1.33		0.01		540		1.13		1.07		0.99		1.06		0.07		540		1.39		1.46		1.44		1.43		0.04		540		1.45		1.46		1.44		1.45		0.01

		560		1.35		1.35		1.33		1.34		0.01		560		1.16		1.1		1.02		1.09		0.07		560		1.39		1.47		1.44		1.43		0.04		560		1.45		1.47		1.45		1.46		0.01

		580		1.35		1.36		1.35		1.35		0.01		580		1.19		1.15		1.04		1.13		0.08		580		1.39		1.48		1.45		1.44		0.05		580		1.45		1.48		1.45		1.46		0.02

		600		1.35		1.37		1.36		1.36		0.01		600		1.22		1.19		1.06		1.16		0.09		600		1.39		1.49		1.46		1.45		0.05		600		1.45		1.49		1.46		1.47		0.02





Chart1

		





Chart1

		40		40		40		40		0.0321455025		0.0321455025		0		0		0.0404145188		0.0404145188		0.0873689495		0.0873689495

		60		60		60		60		0.02081666		0.02081666		0.0057735027		0.0057735027		0.0173205081		0.0173205081		0.0723417814		0.0723417814

		80		80		80		80		0.01		0.01		0.0057735027		0.0057735027		0.01		0.01		0.056862407		0.056862407

		100		100		100		100		0.02		0.02		0.01		0.01		0.0288675135		0.0288675135		0.0450924975		0.0450924975

		120		120		120		120		0.0230940108		0.0230940108		0.01		0.01		0.0435889894		0.0435889894		0.0404145188		0.0404145188

		140		140		140		140		0.0321455025		0.0321455025		0.0152752523		0.0152752523		0.0550757055		0.0550757055		0.037859389		0.037859389

		160		160		160		160		0.037859389		0.037859389		0.0152752523		0.0152752523		0.0635085296		0.0635085296		0.02081666		0.02081666

		180		180		180		180		0.0435889894		0.0435889894		0.02		0.02		0.0723417814		0.0723417814		0.03		0.03

		200		200		200		200		0.0461880215		0.0461880215		0.0251661148		0.0251661148		0.0608276253		0.0608276253		0.0115470054		0.0115470054

		220		220		220		220		0.0435889894		0.0435889894		0.0251661148		0.0251661148		0.0493288286		0.0493288286		0.0173205081		0.0173205081

		240		240		240		240		0.0550757055		0.0550757055		0.03		0.03		0.0472581563		0.0472581563		0.02081666		0.02081666

		260		260		260		260		0.0550757055		0.0550757055		0.0351188458		0.0351188458		0.0458257569		0.0458257569		0.0251661148		0.0251661148

		280		280		280		280		0.0493288286		0.0493288286		0.0450924975		0.0450924975		0.0404145188		0.0404145188		0.02081666		0.02081666

		300		300		300		300		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0351188458		0.0351188458		0.0152752523		0.0152752523

		320		320		320		320		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0152752523		0.0152752523		0.02081666		0.02081666

		340		340		340		340		0.0435889894		0.0435889894		0.0503322296		0.0503322296		0.01		0.01		0.0305505046		0.0305505046

		360		360		360		360		0.037859389		0.037859389		0.0550757055		0.0550757055		0.01		0.01		0.0264575131		0.0264575131

		380		380		380		380		0.037859389		0.037859389		0.06		0.06		0.01		0.01		0.02081666		0.02081666

		400		400		400		400		0.0404145188		0.0404145188		0.0602771377		0.0602771377		0.01		0.01		0.0173205081		0.0173205081

		420		420		420		420		0.0321455025		0.0321455025		0.065064071		0.065064071		0.01		0.01		0.02081666		0.02081666

		440		440		440		440		0.0251661148		0.0251661148		0.07		0.07		0.01		0.01		0.02		0.02

		460		460		460		460		0.0264575131		0.0264575131		0.07		0.07		0.0152752523		0.0152752523		0.02		0.02

		480		480		480		480		0.02		0.02		0.0702376917		0.0702376917		0.02081666		0.02081666		0.02		0.02

		500		500		500		500		0.02		0.02		0.0754983444		0.0754983444		0.0251661148		0.0251661148		0.0152752523		0.0152752523

		520		520		520		520		0.02081666		0.02081666		0.075055535		0.075055535		0.0305505046		0.0305505046		0.0115470054		0.0115470054

		540		540		540		540		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0360555128		0.0360555128		0.01		0.01

		560		560		560		560		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0404145188		0.0404145188		0.0115470054		0.0115470054

		580		580		580		580		0.0057735027		0.0057735027		0.0776745347		0.0776745347		0.0458257569		0.0458257569		0.0173205081		0.0173205081

		600		600		600		600		0.01		0.01		0.0850490055		0.0850490055		0.0513160144		0.0513160144		0.02081666		0.02081666
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Chart2

		20		20		20		0.0141421356		0.0141421356		0.0346410162		0.0346410162		0.0519615242		0.0519615242

		40		40		40		0.0424264069		0.0424264069		0.0288675135		0.0288675135		0.0472581563		0.0472581563

		60		60		60		0.0424264069		0.0424264069		0.037859389		0.037859389		0.0472581563		0.0472581563

		80		80		80		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0450924975		0.0450924975

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0503322296		0.0503322296

		120		120		120		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0458257569		0.0458257569

		140		140		140		0.0424264069		0.0424264069		0.037859389		0.037859389		0.04163332		0.04163332

		160		160		160		0.0494974747		0.0494974747		0.0435889894		0.0435889894		0.0346410162		0.0346410162

		180		180		180		0.0494974747		0.0494974747		0.037859389		0.037859389		0.04163332		0.04163332

		200		200		200		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0458257569		0.0458257569

		220		220		220		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.05		0.05

		240		240		240		0.0494974747		0.0494974747		0.04		0.04		0.05		0.05

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0503322296		0.0503322296

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.05		0.05

		300		300		300		0.0353553391		0.0353553391		0.03		0.03		0.05		0.05

		320		320		320		0.0424264069		0.0424264069		0.02081666		0.02081666		0.05		0.05

		340		340		340		0.0353553391		0.0353553391		0.02081666		0.02081666		0.05		0.05

		360		360		360		0.0282842712		0.0282842712		0.02081666		0.02081666		0.05		0.05
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Chart3

		20		20		20		0.0141421356		0.0141421356		0.01		0.01		0.0346410162		0.0346410162

		40		40		40		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		60		60		60		0.0424264069		0.0424264069		0.05		0.05		0.04163332		0.04163332

		80		80		80		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.02		0.02

		100		100		100		0.0353553391		0.0353553391		0.0503322296		0.0503322296		0.0152752523		0.0152752523

		120		120		120		0.0353553391		0.0353553391		0.056862407		0.056862407		0.0152752523		0.0152752523

		140		140		140		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0230940108		0.0230940108

		160		160		160		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0251661148		0.0251661148

		180		180		180		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0351188458		0.0351188458

		200		200		200		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04		0.04

		220		220		220		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04163332		0.04163332

		240		240		240		0.0494974747		0.0494974747		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		300		300		300		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0305505046		0.0305505046

		320		320		320		0.0424264069		0.0424264069		0.0360555128		0.0360555128		0.0351188458		0.0351188458

		340		340		340		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0351188458		0.0351188458

		360		360		360		0.0282842712		0.0282842712		0.0251661148		0.0251661148		0.0351188458		0.0351188458
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Chart4

		20		20		20		0.0141421356		0.0141421356		0.0435889894		0.0435889894		0.0353553391		0.0353553391

		40		40		40		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0282842712		0.0282842712

		60		60		60		0.0424264069		0.0424264069		0.0461880215		0.0461880215		0.0353553391		0.0353553391

		80		80		80		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0424264069		0.0424264069

		120		120		120		0.0353553391		0.0353553391		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		140		140		140		0.0424264069		0.0424264069		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		160		160		160		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		180		180		180		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		200		200		200		0.0494974747		0.0494974747		0.0472581563		0.0472581563		0.0353553391		0.0353553391

		220		220		220		0.0494974747		0.0494974747		0.037859389		0.037859389		0.0353553391		0.0353553391

		240		240		240		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		260		260		260		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		280		280		280		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		300		300		300		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0353553391		0.0353553391

		320		320		320		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		340		340		340		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		360		360		360		0.0282842712		0.0282842712		0.0321455025		0.0321455025		0.0353553391		0.0353553391



1300psig

2000psig

3000psig

Time (min.)

Oxo Bond Abs. at 1066 cm-1

0.7233333333

0.34

0.1833333333

0.89

0.5033333333

0.3033333333

0.9766666667

0.6533333333

0.4133333333

1.04

0.77

0.5166666667

1.06

0.8733333333

0.6233333333

1.0766666667

0.9566666667

0.7066666667

1.0866666667

1.01

0.79

1.1

1.0633333333

0.8633333333

1.1066666667

1.1133333333

0.9266666667

1.11

1.1433333333

0.9833333333

1.11

1.1633333333

1.02

1.11

1.1866666667

1.0566666667

1.11

1.2166666667

1.0866666667

1.11

1.2366666667

1.1166666667

1.11

1.26

1.1466666667

1.11

1.2866666667

1.1666666667

1.11

1.2966666667

1.19

1.11

1.3066666667

1.1933333333



Sheet2

		

		2TEOS+2HAC		1		2		3		Average		STD		2TEOS+2HAC+0.316H2O		1		2		3		Average		STD		2TEOS+4HAC		1		2		3		Average		STD		40C		1		2		3		Ave		STD		60C		1		2		3		Ave		STD		2000psi		1		2		3		Ave		STD		1300psi		1		2		3		Ave		STD

		20		0.16		0.18		0.21		0.18		0.01				0.85		0.94		0.94		0.91		0.05				0.27		0.33		0.33		0.31		0.03				0.02		0.01		0		0.01		0.01				0.34		0.34		0.4		0.36		0.03				0.31		0.32		0.39		0.34		0.04				0.72		0.75		0.7		0.72		0.04

		40		0.26		0.32		0.33		0.30		0.04				0.94		1.01		1.03		0.99		0.05				0.46		0.51		0.51		0.49		0.03				0.08		0.05		0.01		0.05		0.04				0.56		0.57		0.61		0.58		0.03				0.45		0.54		0.52		0.50		0.05				0.89		0.91		0.87		0.89		0.03

		60		0.37		0.43		0.44		0.41		0.04				0.99		1.06		1.08		1.04		0.05				0.62		0.69		0.68		0.66		0.04				0.17		0.12		0.07		0.12		0.05				0.72		0.74		0.8		0.75		0.04				0.6		0.68		0.68		0.65		0.05				0.98		1		0.95		0.98		0.04

		80		0.48		0.53		0.54		0.52		0.04				1.04		1.08		1.13		1.08		0.05				0.76		0.84		0.84		0.81		0.05				0.2		0.2		0.13		0.18		0.04				0.87		0.89		0.91		0.89		0.02				0.71		0.8		0.8		0.77		0.05				1.04		1.06		1.02		1.04		0.03

		100		0.59		0.64		0.64		0.62		0.04				1.06		1.1		1.16		1.11		0.05				0.88		0.96		0.96		0.93		0.05				0.29		0.25		0.19		0.24		0.05				0.98		1.01		1		1.00		0.02				0.82		0.9		0.9		0.87		0.05				1.06		1.09		1.03		1.06		0.04

		120		0.67		0.72		0.73		0.71		0.04				1.1		1.13		1.19		1.14		0.05				0.95		1.04		1.04		1.01		0.05				0.36		0.33		0.25		0.31		0.06				1.08		1.09		1.06		1.08		0.02				0.9		0.98		0.99		0.96		0.05				1.08		1.1		1.05		1.08		0.04

		140		0.75		0.81		0.81		0.79		0.04				1.14		1.16		1.22		1.17		0.04				1.05		1.12		1.11		1.09		0.04				0.43		0.41		0.34		0.39		0.05				1.12		1.16		1.12		1.13		0.02				0.95		1.04		1.04		1.01		0.05				1.1		1.1		1.06		1.09		0.03

		160		0.82		0.89		0.88		0.86		0.05				1.18		1.18		1.24		1.20		0.03				1.09		1.16		1.17		1.14		0.04				0.5		0.46		0.4		0.45		0.05				1.18		1.2		1.15		1.18		0.03				1.01		1.09		1.09		1.06		0.05				1.12		1.11		1.07		1.10		0.03

		180		0.88		0.95		0.95		0.93		0.05				1.21		1.19		1.27		1.22		0.04				1.13		1.19		1.2		1.17		0.04				0.57		0.53		0.47		0.52		0.05				1.21		1.25		1.18		1.21		0.04				1.06		1.14		1.14		1.11		0.05				1.12		1.12		1.08		1.11		0.03

		200		0.94		1.01		1		0.98		0.05				1.23		1.2		1.29		1.24		0.05				1.15		1.22		1.22		1.20		0.04				0.63		0.59		0.54		0.59		0.05				1.24		1.28		1.2		1.24		0.04				1.09		1.18		1.16		1.14		0.05				1.12		1.13		1.08		1.11		0.04

		220		0.98		1.05		1.03		1.02		0.05				1.26		1.21		1.31		1.26		0.05				1.17		1.25		1.22		1.21		0.04				0.69		0.64		0.6		0.64		0.05				1.24		1.3		1.22		1.25		0.04				1.12		1.19		1.18		1.16		0.04				1.12		1.13		1.08		1.11		0.04

		240		1.02		1.09		1.06		1.06		0.05				1.28		1.23		1.33		1.28		0.05				1.19		1.27		1.23		1.23		0.04				0.73		0.7		0.66		0.70		0.04				1.25		1.3		1.24		1.26		0.03				1.14		1.21		1.21		1.19		0.04				1.12		1.13		1.08		1.11		0.04

		260		1.05		1.11		1.1		1.09		0.04				1.3		1.24		1.34		1.29		0.05				1.2		1.27		1.24		1.24		0.04				0.78		0.75		0.71		0.75		0.04				1.26		1.31		1.25		1.27		0.03				1.16		1.24		1.25		1.22		0.05				1.12		1.13		1.08		1.11		0.04

		280		1.08		1.14		1.13		1.12		0.04				1.3		1.25		1.35		1.30		0.05				1.21		1.28		1.24		1.24		0.04				0.83		0.8		0.76		0.80		0.04				1.27		1.31		1.26		1.28		0.03				1.18		1.26		1.27		1.24		0.05				1.12		1.13		1.08		1.11		0.04

		300		1.12		1.17		1.15		1.15		0.04				1.3		1.25		1.35		1.30		0.05				1.22		1.28		1.25		1.25		0.03				0.88		0.85		0.81		0.85		0.04				1.28		1.32		1.26		1.29		0.03				1.2		1.29		1.29		1.26		0.05				1.12		1.13		1.08		1.11		0.04

		320		1.14		1.2		1.16		1.17		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.92		0.9		0.85		0.89		0.04				1.3		1.33		1.26		1.30		0.04				1.23		1.32		1.31		1.29		0.05				1.12		1.13		1.08		1.11		0.04

		340		1.17		1.22		1.18		1.19		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.97		0.94		0.9		0.94		0.04				1.3		1.33		1.26		1.30		0.04				1.25		1.32		1.32		1.30		0.04				1.12		1.13		1.08		1.11		0.04

		360		1.18		1.22		1.18		1.19		0.03				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.98		0.96		0.93		0.96		0.03				1.3		1.33		1.26		1.30		0.04				1.27		1.32		1.33		1.31		0.03				1.12		1.13		1.08		1.11		0.04
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		Acetic												Formic												Benzoic												Chloro

		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD

		40		0.06		0.01		0		0.02		0.03		40		0		0		0		0.00		0.00		40		0.07		0		0.07		0.05		0.04		40		0.23		0.18		0.35		0.25		0.09

		60		0.09		0.08		0.05		0.07		0.02		60		0.03		0.03		0.02		0.03		0.01		60		0.19		0.16		0.19		0.18		0.02		60		0.39		0.38		0.51		0.43		0.07

		80		0.14		0.15		0.13		0.14		0.01		80		0.04		0.05		0.04		0.04		0.01		80		0.33		0.34		0.32		0.33		0.01		80		0.53		0.56		0.64		0.58		0.06

		100		0.19		0.23		0.21		0.21		0.02		100		0.07		0.08		0.06		0.07		0.01		100		0.46		0.51		0.46		0.48		0.03		100		0.67		0.71		0.76		0.71		0.05

		120		0.26		0.3		0.3		0.29		0.02		120		0.11		0.12		0.1		0.11		0.01		120		0.59		0.66		0.58		0.61		0.04		120		0.78		0.83		0.86		0.82		0.04

		140		0.33		0.38		0.39		0.37		0.03		140		0.17		0.16		0.14		0.16		0.02		140		0.71		0.8		0.7		0.74		0.06		140		0.88		0.94		0.95		0.92		0.04

		160		0.4		0.46		0.47		0.44		0.04		160		0.22		0.21		0.19		0.21		0.02		160		0.81		0.92		0.81		0.85		0.06		160		0.98		1.02		1.01		1.00		0.02

		180		0.47		0.54		0.55		0.52		0.04		180		0.28		0.26		0.24		0.26		0.02		180		0.9		1.03		0.91		0.95		0.07		180		1.04		1.1		1.07		1.07		0.03

		200		0.54		0.62		0.62		0.59		0.05		200		0.34		0.32		0.29		0.32		0.03		200		0.98		1.09		0.99		1.02		0.06		200		1.12		1.14		1.14		1.13		0.01

		220		0.61		0.68		0.69		0.66		0.04		220		0.4		0.37		0.35		0.37		0.03		220		1.07		1.16		1.08		1.10		0.05		220		1.17		1.2		1.17		1.18		0.02

		240		0.67		0.77		0.76		0.73		0.06		240		0.46		0.43		0.4		0.43		0.03		240		1.13		1.22		1.15		1.17		0.05		240		1.2		1.24		1.21		1.22		0.02

		260		0.74		0.84		0.83		0.80		0.06		260		0.52		0.48		0.45		0.48		0.04		260		1.18		1.27		1.21		1.22		0.05		260		1.26		1.28		1.23		1.26		0.03

		280		0.81		0.9		0.89		0.87		0.05		280		0.58		0.53		0.49		0.53		0.05		280		1.23		1.31		1.26		1.27		0.04		280		1.27		1.3		1.26		1.28		0.02

		300		0.86		0.96		0.94		0.92		0.05		300		0.64		0.58		0.54		0.59		0.05		300		1.27		1.34		1.31		1.31		0.04		300		1.31		1.32		1.29		1.31		0.02

		320		0.92		1.02		1		0.98		0.05		320		0.69		0.63		0.59		0.64		0.05		320		1.32		1.35		1.34		1.34		0.02		320		1.35		1.34		1.31		1.33		0.02

		340		0.97		1.05		1.04		1.02		0.04		340		0.74		0.68		0.64		0.69		0.05		340		1.34		1.36		1.35		1.35		0.01		340		1.38		1.36		1.32		1.35		0.03

		360		1.04		1.11		1.1		1.08		0.04		360		0.79		0.73		0.68		0.73		0.06		360		1.35		1.37		1.36		1.36		0.01		360		1.38		1.37		1.33		1.36		0.03

		380		1.07		1.14		1.13		1.11		0.04		380		0.84		0.78		0.72		0.78		0.06		380		1.36		1.38		1.37		1.37		0.01		380		1.39		1.38		1.35		1.37		0.02

		400		1.11		1.19		1.16		1.15		0.04		400		0.88		0.81		0.76		0.82		0.06		400		1.37		1.39		1.38		1.38		0.01		400		1.39		1.39		1.36		1.38		0.02

		420		1.15		1.21		1.2		1.19		0.03		420		0.93		0.86		0.8		0.86		0.07		420		1.38		1.4		1.39		1.39		0.01		420		1.41		1.4		1.37		1.39		0.02

		440		1.19		1.24		1.22		1.22		0.03		440		0.97		0.9		0.83		0.90		0.07		440		1.39		1.41		1.4		1.40		0.01		440		1.43		1.41		1.39		1.41		0.02

		460		1.21		1.26		1.25		1.24		0.03		460		1.01		0.94		0.87		0.94		0.07		460		1.39		1.42		1.41		1.41		0.02		460		1.44		1.42		1.4		1.42		0.02

		480		1.25		1.29		1.27		1.27		0.02		480		1.05		0.97		0.91		0.98		0.07		480		1.39		1.43		1.42		1.41		0.02		480		1.45		1.43		1.41		1.43		0.02

		500		1.27		1.31		1.29		1.29		0.02		500		1.09		1		0.94		1.01		0.08		500		1.39		1.44		1.42		1.42		0.03		500		1.45		1.44		1.42		1.44		0.02

		520		1.29		1.33		1.3		1.31		0.02		520		1.11		1.04		0.96		1.04		0.08		520		1.39		1.45		1.43		1.42		0.03		520		1.45		1.45		1.43		1.44		0.01

		540		1.34		1.34		1.32		1.33		0.01		540		1.13		1.07		0.99		1.06		0.07		540		1.39		1.46		1.44		1.43		0.04		540		1.45		1.46		1.44		1.45		0.01

		560		1.35		1.35		1.33		1.34		0.01		560		1.16		1.1		1.02		1.09		0.07		560		1.39		1.47		1.44		1.43		0.04		560		1.45		1.47		1.45		1.46		0.01

		580		1.35		1.36		1.35		1.35		0.01		580		1.19		1.15		1.04		1.13		0.08		580		1.39		1.48		1.45		1.44		0.05		580		1.45		1.48		1.45		1.46		0.02

		600		1.35		1.37		1.36		1.36		0.01		600		1.22		1.19		1.06		1.16		0.09		600		1.39		1.49		1.46		1.45		0.05		600		1.45		1.49		1.46		1.47		0.02
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Chart1

		40		40		40		40		0.0321455025		0.0321455025		0		0		0.0404145188		0.0404145188		0.0873689495		0.0873689495

		60		60		60		60		0.02081666		0.02081666		0.0057735027		0.0057735027		0.0173205081		0.0173205081		0.0723417814		0.0723417814

		80		80		80		80		0.01		0.01		0.0057735027		0.0057735027		0.01		0.01		0.056862407		0.056862407

		100		100		100		100		0.02		0.02		0.01		0.01		0.0288675135		0.0288675135		0.0450924975		0.0450924975

		120		120		120		120		0.0230940108		0.0230940108		0.01		0.01		0.0435889894		0.0435889894		0.0404145188		0.0404145188

		140		140		140		140		0.0321455025		0.0321455025		0.0152752523		0.0152752523		0.0550757055		0.0550757055		0.037859389		0.037859389

		160		160		160		160		0.037859389		0.037859389		0.0152752523		0.0152752523		0.0635085296		0.0635085296		0.02081666		0.02081666

		180		180		180		180		0.0435889894		0.0435889894		0.02		0.02		0.0723417814		0.0723417814		0.03		0.03

		200		200		200		200		0.0461880215		0.0461880215		0.0251661148		0.0251661148		0.0608276253		0.0608276253		0.0115470054		0.0115470054

		220		220		220		220		0.0435889894		0.0435889894		0.0251661148		0.0251661148		0.0493288286		0.0493288286		0.0173205081		0.0173205081

		240		240		240		240		0.0550757055		0.0550757055		0.03		0.03		0.0472581563		0.0472581563		0.02081666		0.02081666

		260		260		260		260		0.0550757055		0.0550757055		0.0351188458		0.0351188458		0.0458257569		0.0458257569		0.0251661148		0.0251661148

		280		280		280		280		0.0493288286		0.0493288286		0.0450924975		0.0450924975		0.0404145188		0.0404145188		0.02081666		0.02081666

		300		300		300		300		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0351188458		0.0351188458		0.0152752523		0.0152752523

		320		320		320		320		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0152752523		0.0152752523		0.02081666		0.02081666

		340		340		340		340		0.0435889894		0.0435889894		0.0503322296		0.0503322296		0.01		0.01		0.0305505046		0.0305505046

		360		360		360		360		0.037859389		0.037859389		0.0550757055		0.0550757055		0.01		0.01		0.0264575131		0.0264575131

		380		380		380		380		0.037859389		0.037859389		0.06		0.06		0.01		0.01		0.02081666		0.02081666

		400		400		400		400		0.0404145188		0.0404145188		0.0602771377		0.0602771377		0.01		0.01		0.0173205081		0.0173205081

		420		420		420		420		0.0321455025		0.0321455025		0.065064071		0.065064071		0.01		0.01		0.02081666		0.02081666

		440		440		440		440		0.0251661148		0.0251661148		0.07		0.07		0.01		0.01		0.02		0.02

		460		460		460		460		0.0264575131		0.0264575131		0.07		0.07		0.0152752523		0.0152752523		0.02		0.02

		480		480		480		480		0.02		0.02		0.0702376917		0.0702376917		0.02081666		0.02081666		0.02		0.02

		500		500		500		500		0.02		0.02		0.0754983444		0.0754983444		0.0251661148		0.0251661148		0.0152752523		0.0152752523

		520		520		520		520		0.02081666		0.02081666		0.075055535		0.075055535		0.0305505046		0.0305505046		0.0115470054		0.0115470054

		540		540		540		540		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0360555128		0.0360555128		0.01		0.01

		560		560		560		560		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0404145188		0.0404145188		0.0115470054		0.0115470054

		580		580		580		580		0.0057735027		0.0057735027		0.0776745347		0.0776745347		0.0458257569		0.0458257569		0.0173205081		0.0173205081

		600		600		600		600		0.01		0.01		0.0850490055		0.0850490055		0.0513160144		0.0513160144		0.02081666		0.02081666
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Chart2

		20		20		20		0.0141421356		0.0141421356		0.0346410162		0.0346410162		0.0519615242		0.0519615242

		40		40		40		0.0424264069		0.0424264069		0.0288675135		0.0288675135		0.0472581563		0.0472581563

		60		60		60		0.0424264069		0.0424264069		0.037859389		0.037859389		0.0472581563		0.0472581563

		80		80		80		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0450924975		0.0450924975

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0503322296		0.0503322296

		120		120		120		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0458257569		0.0458257569

		140		140		140		0.0424264069		0.0424264069		0.037859389		0.037859389		0.04163332		0.04163332

		160		160		160		0.0494974747		0.0494974747		0.0435889894		0.0435889894		0.0346410162		0.0346410162

		180		180		180		0.0494974747		0.0494974747		0.037859389		0.037859389		0.04163332		0.04163332

		200		200		200		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0458257569		0.0458257569

		220		220		220		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.05		0.05

		240		240		240		0.0494974747		0.0494974747		0.04		0.04		0.05		0.05

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0503322296		0.0503322296

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.05		0.05

		300		300		300		0.0353553391		0.0353553391		0.03		0.03		0.05		0.05

		320		320		320		0.0424264069		0.0424264069		0.02081666		0.02081666		0.05		0.05

		340		340		340		0.0353553391		0.0353553391		0.02081666		0.02081666		0.05		0.05

		360		360		360		0.0282842712		0.0282842712		0.02081666		0.02081666		0.05		0.05
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Chart3

		20		20		20		0.0141421356		0.0141421356		0.01		0.01		0.0346410162		0.0346410162

		40		40		40		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		60		60		60		0.0424264069		0.0424264069		0.05		0.05		0.04163332		0.04163332

		80		80		80		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.02		0.02

		100		100		100		0.0353553391		0.0353553391		0.0503322296		0.0503322296		0.0152752523		0.0152752523

		120		120		120		0.0353553391		0.0353553391		0.056862407		0.056862407		0.0152752523		0.0152752523

		140		140		140		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0230940108		0.0230940108

		160		160		160		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0251661148		0.0251661148

		180		180		180		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0351188458		0.0351188458

		200		200		200		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04		0.04

		220		220		220		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04163332		0.04163332

		240		240		240		0.0494974747		0.0494974747		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		300		300		300		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0305505046		0.0305505046

		320		320		320		0.0424264069		0.0424264069		0.0360555128		0.0360555128		0.0351188458		0.0351188458

		340		340		340		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0351188458		0.0351188458

		360		360		360		0.0282842712		0.0282842712		0.0251661148		0.0251661148		0.0351188458		0.0351188458
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Chart4

		20		20		20		0.0141421356		0.0141421356		0.0435889894		0.0435889894		0.0353553391		0.0353553391

		40		40		40		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0282842712		0.0282842712

		60		60		60		0.0424264069		0.0424264069		0.0461880215		0.0461880215		0.0353553391		0.0353553391

		80		80		80		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0424264069		0.0424264069

		120		120		120		0.0353553391		0.0353553391		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		140		140		140		0.0424264069		0.0424264069		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		160		160		160		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		180		180		180		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		200		200		200		0.0494974747		0.0494974747		0.0472581563		0.0472581563		0.0353553391		0.0353553391

		220		220		220		0.0494974747		0.0494974747		0.037859389		0.037859389		0.0353553391		0.0353553391

		240		240		240		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		260		260		260		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		280		280		280		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		300		300		300		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0353553391		0.0353553391

		320		320		320		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		340		340		340		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		360		360		360		0.0282842712		0.0282842712		0.0321455025		0.0321455025		0.0353553391		0.0353553391
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Sheet2

		

		2TEOS+2HAC		1		2		3		Average		STD		2TEOS+2HAC+0.316H2O		1		2		3		Average		STD		2TEOS+4HAC		1		2		3		Average		STD		40C		1		2		3		Ave		STD		60C		1		2		3		Ave		STD		2000psi		1		2		3		Ave		STD		1300psi		1		2		3		Ave		STD

		20		0.16		0.18		0.21		0.18		0.01				0.85		0.94		0.94		0.91		0.05				0.27		0.33		0.33		0.31		0.03				0.02		0.01		0		0.01		0.01				0.34		0.34		0.4		0.36		0.03				0.31		0.32		0.39		0.34		0.04				0.72		0.75		0.7		0.72		0.04

		40		0.26		0.32		0.33		0.30		0.04				0.94		1.01		1.03		0.99		0.05				0.46		0.51		0.51		0.49		0.03				0.08		0.05		0.01		0.05		0.04				0.56		0.57		0.61		0.58		0.03				0.45		0.54		0.52		0.50		0.05				0.89		0.91		0.87		0.89		0.03

		60		0.37		0.43		0.44		0.41		0.04				0.99		1.06		1.08		1.04		0.05				0.62		0.69		0.68		0.66		0.04				0.17		0.12		0.07		0.12		0.05				0.72		0.74		0.8		0.75		0.04				0.6		0.68		0.68		0.65		0.05				0.98		1		0.95		0.98		0.04

		80		0.48		0.53		0.54		0.52		0.04				1.04		1.08		1.13		1.08		0.05				0.76		0.84		0.84		0.81		0.05				0.2		0.2		0.13		0.18		0.04				0.87		0.89		0.91		0.89		0.02				0.71		0.8		0.8		0.77		0.05				1.04		1.06		1.02		1.04		0.03

		100		0.59		0.64		0.64		0.62		0.04				1.06		1.1		1.16		1.11		0.05				0.88		0.96		0.96		0.93		0.05				0.29		0.25		0.19		0.24		0.05				0.98		1.01		1		1.00		0.02				0.82		0.9		0.9		0.87		0.05				1.06		1.09		1.03		1.06		0.04

		120		0.67		0.72		0.73		0.71		0.04				1.1		1.13		1.19		1.14		0.05				0.95		1.04		1.04		1.01		0.05				0.36		0.33		0.25		0.31		0.06				1.08		1.09		1.06		1.08		0.02				0.9		0.98		0.99		0.96		0.05				1.08		1.1		1.05		1.08		0.04

		140		0.75		0.81		0.81		0.79		0.04				1.14		1.16		1.22		1.17		0.04				1.05		1.12		1.11		1.09		0.04				0.43		0.41		0.34		0.39		0.05				1.12		1.16		1.12		1.13		0.02				0.95		1.04		1.04		1.01		0.05				1.1		1.1		1.06		1.09		0.03

		160		0.82		0.89		0.88		0.86		0.05				1.18		1.18		1.24		1.20		0.03				1.09		1.16		1.17		1.14		0.04				0.5		0.46		0.4		0.45		0.05				1.18		1.2		1.15		1.18		0.03				1.01		1.09		1.09		1.06		0.05				1.12		1.11		1.07		1.10		0.03

		180		0.88		0.95		0.95		0.93		0.05				1.21		1.19		1.27		1.22		0.04				1.13		1.19		1.2		1.17		0.04				0.57		0.53		0.47		0.52		0.05				1.21		1.25		1.18		1.21		0.04				1.06		1.14		1.14		1.11		0.05				1.12		1.12		1.08		1.11		0.03

		200		0.94		1.01		1		0.98		0.05				1.23		1.2		1.29		1.24		0.05				1.15		1.22		1.22		1.20		0.04				0.63		0.59		0.54		0.59		0.05				1.24		1.28		1.2		1.24		0.04				1.09		1.18		1.16		1.14		0.05				1.12		1.13		1.08		1.11		0.04

		220		0.98		1.05		1.03		1.02		0.05				1.26		1.21		1.31		1.26		0.05				1.17		1.25		1.22		1.21		0.04				0.69		0.64		0.6		0.64		0.05				1.24		1.3		1.22		1.25		0.04				1.12		1.19		1.18		1.16		0.04				1.12		1.13		1.08		1.11		0.04

		240		1.02		1.09		1.06		1.06		0.05				1.28		1.23		1.33		1.28		0.05				1.19		1.27		1.23		1.23		0.04				0.73		0.7		0.66		0.70		0.04				1.25		1.3		1.24		1.26		0.03				1.14		1.21		1.21		1.19		0.04				1.12		1.13		1.08		1.11		0.04

		260		1.05		1.11		1.1		1.09		0.04				1.3		1.24		1.34		1.29		0.05				1.2		1.27		1.24		1.24		0.04				0.78		0.75		0.71		0.75		0.04				1.26		1.31		1.25		1.27		0.03				1.16		1.24		1.25		1.22		0.05				1.12		1.13		1.08		1.11		0.04

		280		1.08		1.14		1.13		1.12		0.04				1.3		1.25		1.35		1.30		0.05				1.21		1.28		1.24		1.24		0.04				0.83		0.8		0.76		0.80		0.04				1.27		1.31		1.26		1.28		0.03				1.18		1.26		1.27		1.24		0.05				1.12		1.13		1.08		1.11		0.04

		300		1.12		1.17		1.15		1.15		0.04				1.3		1.25		1.35		1.30		0.05				1.22		1.28		1.25		1.25		0.03				0.88		0.85		0.81		0.85		0.04				1.28		1.32		1.26		1.29		0.03				1.2		1.29		1.29		1.26		0.05				1.12		1.13		1.08		1.11		0.04

		320		1.14		1.2		1.16		1.17		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.92		0.9		0.85		0.89		0.04				1.3		1.33		1.26		1.30		0.04				1.23		1.32		1.31		1.29		0.05				1.12		1.13		1.08		1.11		0.04

		340		1.17		1.22		1.18		1.19		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.97		0.94		0.9		0.94		0.04				1.3		1.33		1.26		1.30		0.04				1.25		1.32		1.32		1.30		0.04				1.12		1.13		1.08		1.11		0.04

		360		1.18		1.22		1.18		1.19		0.03				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.98		0.96		0.93		0.96		0.03				1.3		1.33		1.26		1.30		0.04				1.27		1.32		1.33		1.31		0.03				1.12		1.13		1.08		1.11		0.04





Char3

		20		20		20		0.0346410162		0.0346410162		0.01		0.01		0.0141421356		0.0141421356

		40		40		40		0.0264575131		0.0264575131		0.0351188458		0.0351188458		0.0424264069		0.0424264069

		60		60		60		0.04163332		0.04163332		0.05		0.05		0.0424264069		0.0424264069

		80		80		80		0.02		0.02		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		100		100		100		0.0152752523		0.0152752523		0.0503322296		0.0503322296		0.0353553391		0.0353553391

		120		120		120		0.0152752523		0.0152752523		0.056862407		0.056862407		0.0353553391		0.0353553391

		140		140		140		0.0230940108		0.0230940108		0.0472581563		0.0472581563		0.0424264069		0.0424264069

		160		160		160		0.0251661148		0.0251661148		0.0503322296		0.0503322296		0.0494974747		0.0494974747

		180		180		180		0.0351188458		0.0351188458		0.0503322296		0.0503322296		0.0494974747		0.0494974747

		200		200		200		0.04		0.04		0.0450924975		0.0450924975		0.0494974747		0.0494974747

		220		220		220		0.04163332		0.04163332		0.0450924975		0.0450924975		0.0494974747		0.0494974747

		240		240		240		0.0321455025		0.0321455025		0.0351188458		0.0351188458		0.0494974747		0.0494974747

		260		260		260		0.0321455025		0.0321455025		0.0351188458		0.0351188458		0.0424264069		0.0424264069

		280		280		280		0.0264575131		0.0264575131		0.0351188458		0.0351188458		0.0424264069		0.0424264069

		300		300		300		0.0305505046		0.0305505046		0.0351188458		0.0351188458		0.0353553391		0.0353553391

		320		320		320		0.0351188458		0.0351188458		0.0360555128		0.0360555128		0.0424264069		0.0424264069

		340		340		340		0.0351188458		0.0351188458		0.0351188458		0.0351188458		0.0353553391		0.0353553391

		360		360		360		0.0351188458		0.0351188458		0.0251661148		0.0251661148		0.0282842712		0.0282842712
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Sheet3

		20				0.01		0.18		0.36

		40				0.05		0.30		0.58

		60				0.12		0.41		0.75

		80				0.18		0.52		0.89

		100				0.24		0.62		1.00

		120				0.31		0.71		1.08

		140				0.39		0.79		1.13

		160				0.45		0.86		1.18

		180				0.52		0.93		1.21

		200				0.59		0.98		1.24

		220				0.64		1.02		1.25

		240				0.70		1.06		1.26

		260				0.75		1.09		1.27

		280				0.80		1.12		1.28

		300				0.85		1.15		1.29

		320				0.89		1.17		1.30

		340				0.94		1.19		1.30

		360				0.96		1.19		1.30
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50C3K1--4-3-1000-2

		Concentrations

		Spectrum		1		(1058.2168		cm-1)		2		(1102.5906		cm-1)

		0		20.302		58.017		0.0788822361		1

		20		52.516		35.243		0.2040478531		0.6074598824

		40		77.071		30.363		0.2994548725		0.5233466053

		60		100.114		25.089		0.3889871042		0.4324422152

		80		122.372		20.018		0.4754692642		0.3450367996

		100		143.227		15.629		0.5565001496		0.2693865591

		120		162.003		12.088		0.6294532018		0.2083527242

		140		178.334		9.88		0.6929063492		0.1702949136

		160		192.629		7.874		0.7484487374		0.135718841

		180		204.664		6.494		0.7952100275		0.1119327094

		200		214.667		5.702		0.8340761003		0.0982815382

		220		223.436		4.85		0.868147538		0.0835961873

		240		230.225		4.456		0.8945258013		0.0768050744

		260		236.563		4.226		0.9191517304		0.0728407191

		280		242.403		3.398		0.9418427096		0.0585690401

		300		247.167		3.398		0.9603529535		0.0585690401

		320		251.379		3.398		0.9767184337		0.0585690401

		340		255.348		3.41		0.9921397516		0.058775876

		360		257.371		3.412		1		0.0588103487
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Chart2

		0.004749966		0.005471607		0.00555443		0.005503514

		0.010014992		0.010861428		0.010784026		0.011462263

		0.024555249		0.025769941		0.026046306		0.026763426

		0.030830193		0.034270286		0.034371145		0.034558081

		0.0404309		0.041547288		0.041585531		0.041798226

		0.059595549		0.059805541		0.05982415		0.060206891

		0.059878004		0.060158905		0.06013138		0.077910207

		0.080295027		0.078435469		0.078195871		0.080120666

		0.0963095		0.08017767		0.080158441		0.096533671

		0.100041383		0.096190133		0.096196116		0.100115119

		0.114633237		0.100184736		0.100136699		0.114900497

		0.119803983		0.114401919		0.114705229		0.120164917

		0.132972856		0.120091706		0.12008112		0.133249205

		0.139854093		0.13307079		0.132964263		0.139950277

		0.151371483		0.139863182		0.140054361		0.15135094

		0.160337337		0.151292819		0.150841265		0.160160953

		0.169514452		0.160062537		0.160098908		0.169502045

		0.180614731		0.16958166		0.169437797		0.180309434

		0.188058327		0.180224847		0.179925246		0.187885163

		0.200691398		0.187711824		0.187804077		0.200409718

		0.206445432		0.200282569		0.199771298		0.206338196

		0.224733503		0.206277998		0.206025854		0.224853487

		0.243417863		0.224551072		0.22428539		0.243039212

		0.250687529		0.242898016		0.242481164		0.250594584

		0.261409335		0.250379169		0.250072326		0.261246332

		0.279015161		0.261112053		0.260741096		0.279560893

		0.29848494		0.279299858		0.279019384		0.297850898

		0.300988207		0.297856981		0.297041608		0.300636852

		0.317141418		0.300448246		0.30010412		0.316236673

		0.334642513		0.316074837		0.315236329		0.334531873

		0.350241195		0.33440393		0.333634574		0.350723378

		0.351759389		0.350505723		0.34978786		0.352845732

		0.371428655		0.352451679		0.351941436		0.371187526

		0.404103385		0.370751851		0.370043756		0.408987226

		0.406644912		0.407717891		0.388239961		0.42603617

		0.428774922		0.425424932		0.399753015		0.444089053

		0.459465105		0.443967916		0.406371672		0.450883106

		0.461505984		0.450193941		0.424905266		0.462758961

		0.483245985		0.462566016		0.443064765		0.500421298

		0.514592418		0.480188243		0.449791321		0.501098225

		0.516498434		0.498864289		0.461498957		0.517436113

		0.537460501		0.500578185		0.479473464		0.555330972

		0.566825054		0.517718005		0.497863232		0.572588895

		0.570798001		0.553451646		0.499759775		0.590903531

		0.591707922		0.553672469		0.516191097		0.601281323

		0.617230734		0.573372096		0.53354132		0.609355597

		0.625720562		0.608169168		0.54944207		0.627653759

		0.645842699		0.608523895		0.552360481		0.645901753

		0.667336461		0.628769599		0.570908493		0.651455998

		0.680942116		0.66284702		0.588632594		0.664483386

		0.699443693		0.663555804		0.599211425		0.701654839

		0.717224713		0.683879515		0.60724156		0.720946305

		0.735524352		0.71766848		0.625372663		0.737785097

		0.749662069		0.718553634		0.643534888		0.752082779

		0.753387338		0.738727592		0.649240853		0.756054373

		0.772809145		0.768577759		0.662170242		0.774509434

		0.804247734		0.773542601		0.67989527		0.811020673

		0.809165483		0.793446575		0.698013235		0.822454403

		0.823797457		0.818168527		0.698981985		0.829745613

		0.841357988		0.821610523		0.717110957		0.84768014

		0.845480211		0.830563615		0.750792279		0.852449047

		0.850793642		0.861490461		0.753354664		0.866506742

		0.862432067		0.865118979		0.773853115		0.877097964

		0.873973584		0.880351184		0.80462531		0.884592075

		0.882159914		0.898207452		0.808032491		0.902349125

		0.898716567		0.901356304		0.821440479		0.926795801

		0.922004472		0.925699604		0.842036163		0.952096207

		0.949376728		0.957235303		0.843928537		0.977888308

		0.971110147		0.975367339		0.853218167		0.984601371

		0.981039315		0.981635336		0.877622335		0.994592491

		0.994813564		0.98961175		0.882811168		0.994479363

		0.994908877		0.994728498		0.901890982		0.974460299

		0.97758181		0.972695707		0.923619675		0.94221496

		0.964613618		0.946658523		0.950089509		0.91451007

		0.948751902		0.919167929		0.973456535		0.900818648

		0.923977306		0.90115101		0.980966564		0.873599621

		0.898670989		0.875565292		0.990445154		0.851178597

		0.876575512		0.850647152		0.994522803		0.825093962

		0.851475126		0.825452037		0.977832153		0.800479735

		0.825726799		0.800326621		0.96452972		0.750111217

		0.800831213		0.749597153		0.942454301		0.701038527

		0.748704176		0.699467961		0.925514194		0.650640639

		0.701011316		0.650965927		0.900859339		0.600470854

		0.652110088		0.601144428		0.875611009		0.550077608

		0.602069995		0.550478713		0.850582011		0.50017499

		0.551478537		0.500654365		0.825390156		0.450503843

		0.500976444		0.451249937		0.799742237		0.380868346

		0.453192994		0.399228008		0.748665977		0.330702648

		0.400249649		0.349717919		0.701040073		0.280667166

		0.346956213		0.289099481		0.65177321		0.230540882

		0.30048646		0.25049387		0.600397956		0.189289901

		0.25428598		0.180994332		0.54915297

		0.200095279		0.123310669		0.500237348

		0.145132139				0.450598764
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As-prepared

Calcined at 500 celcius

Calcined at 380 celcius

Calcined at 600 celcius
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		Code		Samples		Morphology		Precursor		Co a		HAc/TA b		Tre c		Pre d		Tcalc e		Sbet f		Dpore g		VPore h

										(mol/L)				(°C)		(psi)		(°C)		(m2/g)		(nm)		(cm3/g)

		20040326				80 nm fibers		TBO		1.100		5.50		40		6000		N/A		380		3.7		0.35		amorphous		repeated 3 times

		20040326a																380		105		8.7		0.23		rutile: anatase= 93.4:6.6

		20040326b																500		83		11.1		0.19		anatase:rutile= 94.7: 5.3

		20040326c																600		61		13.2		0.14		anatase

		200501251				r		TBO		1.100		5.50		60		6000		N/A		342		5.99		0.51

		200501251a																380		171		10		0.43

		20050125				r		TBO		1.100		4.80		60		6000		N/A		590		2.98		0.44

		20050125a																380		144		5.22		0.19

		20041101				1000nmfiber		TBO		1.100		5.00		40		6000		N/A		404		2.3		0.23

		20041101a																380		68		4.5		0.076

		200410311				precipitate-like		TBO		1.100		4.00		40		6000		N/A		228		2.0		0.12

		200410311a																380		39		4.5		0.044

		20040723				r		TBO		1.476		4.15		40		6000		N/A		484		6.3		0.76

		20040723a																380		123		14.3		0.44

		20040723b																500		74		14.5		0.27

		20040723c																600		62		14.7		0.22

		20040909				30 nm spheres		TBO		1.476		4.15		50		6000		N/A		458		7.2		0.74

		20040909a																380		114		14.6		0.42

		20041005				30 nm spheres		TBO		1.476		4.15		60		6000		N/A		511		9.6		1.22

		20041005aa																300		309		10.4		0.8		amorphous

		20041005a																380		135		20.9		0.7		anatase

		20041005b																500								anatase

		20041005c																600								anatase:rutile=93.8:6.2

		20041016				r		TBO		1.476		4.15		70		6000		N/A		285		8.3		0.59

		20041016aa																300		241		9.2		0.55		anatase

		20041016a																380		101		11.6		0.3

		20041214				r		TBO		1.476		4.15		40		3000		N/A		198		2.3		0.1				same density

		20041214a																380		60		4.2		0.06

		20050113				r		TBO		1.476		4.15		50		4150		N/A		537		5.3		0.71

		20050113a																380		202		8.1		0.41

		20050213				r		TBO		1.476		4.15		60		7380		N/A		642		6.6		1.1

		20050213a																380		191		10.3		0.49

		20041023				r		TBO		1.476		4.15		50		5000		N/A		340		4.4		0.38

		20041023a																380		98		9.1		0.23

		20041106				r		TBO		1.476		4.15		60		5000		N/A		416		6.1		0.64				same temperature

		20041106a																380		135		12.4		0.42

		20041113				r		TBO		1.476		4.15		60		4000		N/A		327		2.3		0.45

		20041113a																380		102		10.0		0.25

		20041204				r		TBO		1.476		4.15		60		3000		N/A		389		6.4		0.62

		20041204a																380		136		12.7		0.42

		20041120				10nm fiber		TIP		1.476		4.15		60		6000		N/A		415		3.8		0.39		amorphous

		20041120a																380		143		8.8		0.31		anatase

		20041120b																500		77		11.3		0.22		anatase

		20041120c																600		65		14		0.15		anatase:rutile= 44: 56

		20041126				fiber and junk		TIP		1.476		4.15		40		6000		N/A		436		5.8		0.63

		20041126a																380		176		9.6		0.42

		20041211				r		TIP		1.476		4.15		70		6000		N/A		383		2.7		0.26

		20041211a																380		109		6.2		0.17

		200502131				r		TIP		1.476		4.15		60		4000		N/A		387		5.3		0.52

		200502131a																380		232		7.4		0.43

								TIP		1.476		3.50		60		6000

								TIP		1.476		3.00		60		6000

		20050220						TIP		1.100		5.50		60		6000

		20050220a
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142.5097

36.7347

22.1793

18.6573

145.7622

37.2752

22.5165

18.9485

149.5338

38.1681

23.0763

19.439

149.9722

39.1745

23.6481

19.934

152.9203

39.3024

23.7621

20.0447

156.3806

40.0718

24.2142

20.4372

159.1205

41.0301

24.7736

20.907

159.5901

41.89

25.2724

21.3424

163.1062

41.9911

25.3704

21.4454

166.1073

42.9664

25.8894

21.8696

168.672

44.5507

26.9508

22.7752

170.0399

44.8648

27.0634

22.8872

173.5843

45.8652

27.6073

23.3298

176.8959

46.8398

28.6867

24.2238

178.4472

47.2576

28.8096

24.3531

180.8623

47.9508

29.4048

24.847

184.353

48.9927

30.5548

25.7982

188.1992

50.1235

30.7128

25.9749

188.8399

50.3632

31.343

26.4641

192.7992

51.4574

32.4927

27.4489

195.5338

53.3675

32.8022

27.71

199.875

53.7228

33.539

28.3108

200.5842

53.9758

34.6822

29.2657

205.385

55.0473

35.2316

29.6888

211.2282

56.3336

36.1159

30.4021

212.3326

57.625

37.3218

30.7682

215.777

58.3492

38.1659

31.2978

221.159

59.9947

39.2962

32.8383

223.7734

61.7632

39.6921

33.1905

225.3491

62.4994

40.6941

33.3578

228.8899

63.9483

43.22

34.019

233.7825

66.0727

43.8306

36.0321

239.8931

68.6201

45.6971

36.5558

240.565

68.9859

47.279

37.955

247.868

72.0739

48.9089

40.5609

254.6645

73.9984

50.0667

41.2069

257.7842

77.8873

51.7356

42.5443

259.3768

78.8802

53.086

43.2555

265.1783

83.7307

56.4345

45.6969

272.8066

88.1672

58.0372

48.8684

278.1714

92.5842

62.0465

49.5708

282.1424

96.1972

65.3496

52.7516

287.2893

100.7834

68.4756

56.8128

291.1042

104.3492

75.6097

59.9532

299.9267

112.2375

97.2468

68.9684

304.0759

117.3564

117.5235

92.9599

312.9656

126.3965

176.784

145.1465

319.2972

135.0244

194.6754

164.8098

325.3806

141.5418

250.9738

226.6684

337.1048

152.6372

284.7891

269.0362

367.5827

182.7208

283.9029

268.6298

404.4064

212.3616

242.3805

232.6617

490.6505

287.3694

165.1345

136.9757

538.1028

304.0382

98.4129

101.9669

634.6737

381.9429

88.3976

77.9123

703.6234

420.0679

71.732

59.1523

700.1181

419.2992

62.3353

48.0801

691.0564

374.6643

54.4651

42.9053

546.7462

255.2635

45.608

38.4834

405.3297

200.3297

40.6497

34.074

377.5143

174.79

37.034

31.2255

348.7785

152.0644

34.1931

28.9075

326.1277

132.2192

31.8931

26.9729

309.188

113.8622

29.9101

25.2939

294.5315

86.4694

28.0823

23.797

271.6586

72.2357

26.3097

22.4008

253.3248

63.8414

24.7242

21.021

236.5717

57.5838

23.1473

19.6556

221.4079

54.5521

21.5324

18.2324

207.5162

50.5542

19.8846

16.761

194.7476

47.3054

17.8846

14.986

182.7088

44.3751

170.083

41.6044

159.6449

39.0158

150.7597

36.3989

140.62

33.7639

130.4778

30.5694

117.3135



0723

		0.004883628		59.1684

		0.009926669		66.7101

		0.024187628		78.3687

		0.029193165		81.3146

		0.039792628		86.6007

		0.059819047		94.6401

		0.05985192		94.6944

		0.0853255		102.9416

		0.095982086		106.0388

		0.099981989		107.1746

		0.114129199		110.9291

		0.119465896		112.3425

		0.13240925		115.4806

		0.139546903		117.221

		0.15063264		119.7935

		0.159538113		121.7349

		0.169279513		123.8876

		0.180173096		126.2281

		0.187641667		127.8293

		0.200360616		130.4691

		0.206114247		131.6491

		0.224629002		135.3062

		0.243558822		139.0091

		0.250506472		140.4106

		0.261627101		142.5097

		0.278955727		145.7622

		0.298951173		149.5338

		0.300720705		149.9722

		0.316791305		152.9203

		0.335465669		156.3806

		0.349940519		159.1205

		0.351894538		159.5901

		0.371250303		163.1062

		0.386986982		166.1073

		0.400207279		168.672

		0.406872258		170.0399

		0.42579813		173.5843

		0.442801996		176.8959

		0.450061768		178.4472

		0.462032095		180.8623

		0.479499976		184.353

		0.497782524		188.1992

		0.499838603		188.8399

		0.519497186		192.7992

		0.531253399		195.5338

		0.55084674		199.875

		0.552190938		200.5842

		0.574354676		205.385

		0.598234931		211.2282

		0.600001796		212.3326

		0.615347709		215.777

		0.63575465		221.159

		0.644921157		223.7734

		0.650154678		225.3491

		0.663249058		228.8899

		0.679564785		233.7825

		0.699540005		239.8931

		0.699166565		240.565

		0.723424783		247.868

		0.742839879		254.6645

		0.750326233		257.7842

		0.754216936		259.3768

		0.76997813		265.1783

		0.788320738		272.8066

		0.800098892		278.1714

		0.808725322		282.1424

		0.819221188		287.2893

		0.82662644		291.1042

		0.842838998		299.9267

		0.849414135		304.0759

		0.864213001		312.9656

		0.873242797		319.2972

		0.881639074		325.3806

		0.895441086		337.1048

		0.923408835		367.5827

		0.945200812		404.4064

		0.968920444		490.6505

		0.975858963		538.1028

		0.983771652		634.6737

		0.989423719		703.6234

		0.977743745		700.1181

		0.97219796		691.0564

		0.954100779		546.7462

		0.919794611		405.3297

		0.904529362		377.5143

		0.881198962		348.7785

		0.854919025		326.1277

		0.829308236		309.188

		0.802485487		294.5315

		0.7509444		271.6586

		0.702265934		253.3248

		0.651742652		236.5717

		0.601038503		221.4079

		0.55063244		207.5162

		0.500249955		194.7476

		0.451136047		182.7088

		0.40120347		170.083

		0.349234208		159.6449

		0.303010868		150.7597

		0.25081055		140.62

		0.200501863		130.4778

		0.141149544		117.3135
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0723a

		0.004952845		20.4845

		0.009611898		21.7716

		0.02398371		23.7829

		0.031654468		24.494

		0.040684947		25.2048

		0.059096449		26.4497

		0.059872326		26.5058

		0.078576481		27.6108

		0.080138244		27.7085

		0.096263893		28.6082

		0.100021954		28.8123

		0.114470129		29.5924

		0.119715096		29.8736

		0.132967659		30.5797

		0.139769669		30.9491

		0.150851064		31.5322

		0.159734218		32.003

		0.169383944		32.5044

		0.180025273		33.0606

		0.187806		33.4689

		0.200163747		34.1111

		0.206147669		34.4249

		0.224566754		35.3703

		0.242911023		36.3162

		0.2508028		36.7347

		0.261281425		37.2752

		0.278748468		38.1681

		0.29838845		39.1745

		0.300616238		39.3024

		0.316287649		40.0718

		0.334755633		41.0301

		0.351367976		41.89

		0.351890014		41.9911

		0.371758002		42.9664

		0.401611973		44.5507

		0.407034868		44.8648

		0.425450646		45.8652

		0.443215483		46.8398

		0.450011903		47.2576

		0.461969911		47.9508

		0.479751489		48.9927

		0.498100006		50.1235

		0.499886764		50.3632

		0.51897627		51.4574

		0.546403019		53.3675

		0.550813029		53.7228

		0.552894862		53.9758

		0.568883809		55.0473

		0.585372634		56.3336

		0.600178706		57.625

		0.608091072		58.3492

		0.626297015		59.9947

		0.643624856		61.7632

		0.650122155		62.4994

		0.662892197		63.9483

		0.680101136		66.0727

		0.698653785		68.6201

		0.700223422		68.9859

		0.720256503		72.0739

		0.73085816		73.9984

		0.75019596		77.8873

		0.754164043		78.8802

		0.773865541		83.7307

		0.788203236		88.1672

		0.800209221		92.5842

		0.809261424		96.1972

		0.819721792		100.7834

		0.826408816		104.3492

		0.840931475		112.2375

		0.848769037		117.3564

		0.861462619		126.3965

		0.872999509		135.0244

		0.880990736		141.5418

		0.894289748		152.6372

		0.923619883		182.7208

		0.944151452		212.3616

		0.969760795		287.3694

		0.972841893		304.0382

		0.983478265		381.9429

		0.988314784		420.0679

		0.974107492		419.2992

		0.955245762		374.6643

		0.927271267		255.2635

		0.902467941		200.3297

		0.881648897		174.79

		0.856530507		152.0644

		0.829949375		132.2192

		0.801439809		113.8622

		0.746221336		86.4694

		0.696450896		72.2357

		0.646805816		63.8414

		0.591031968		57.5838

		0.55641773		54.5521

		0.502079561		50.5542

		0.451022164		47.3054

		0.400947571		44.3751

		0.350146944		41.6044

		0.301346193		39.0158

		0.251463076		36.3989

		0.201774923		33.7639

		0.141857608		30.5694
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0723b

		0.005480238		12.6403

		0.010379595		13.3556

		0.024959242		14.4732

		0.033832599		14.927

		0.041397376		15.2718

		0.059789449		15.9809

		0.060236023		16.0029

		0.078506676		16.6297

		0.080099512		16.6858

		0.096388554		17.2325

		0.100157634		17.3588

		0.114583714		17.8219

		0.120347294		18.0149

		0.132915201		18.4221

		0.140101391		18.6511

		0.150851852		18.9975

		0.160054938		19.2972

		0.169546651		19.6067

		0.180161902		19.9481

		0.187645438		20.1926

		0.200266465		20.5892

		0.206247035		20.7875

		0.224431056		21.349

		0.24254419		21.9247

		0.250228444		22.1793

		0.261055035		22.5165

		0.279208408		23.0763

		0.297779003		23.6481

		0.30027551		23.7621

		0.316049773		24.2142

		0.334330881		24.7736

		0.350743355		25.2724

		0.352244803		25.3704

		0.370956281		25.8894

		0.406569166		26.9508

		0.407180104		27.0634

		0.426987716		27.6073

		0.461111639		28.6867

		0.46174903		28.8096

		0.482126477		29.4048

		0.515823527		30.5548

		0.516769784		30.7128

		0.53684214		31.343

		0.567471798		32.4927

		0.571752759		32.8022

		0.591717098		33.539

		0.617403406		34.6822

		0.626582719		35.2316

		0.645627037		36.1159

		0.667612104		37.3218

		0.681542873		38.1659

		0.699494625		39.2962

		0.700049577		39.6921

		0.71919787		40.6941

		0.750788189		43.22

		0.755221105		43.8306

		0.775610009		45.6971

		0.789066142		47.279

		0.800832288		48.9089

		0.8091614		50.0667

		0.819835507		51.7356

		0.827021201		53.086

		0.843851246		56.4345

		0.849814668		58.0372

		0.864749735		62.0465

		0.874134874		65.3496

		0.88248251		68.4756

		0.896241125		75.6097

		0.925807658		97.2468

		0.943613425		117.5235

		0.970923841		176.784

		0.975363979		194.6754

		0.984418229		250.9738

		0.988578959		284.7891

		0.972905055		283.9029

		0.954220921		242.3805

		0.931614144		165.1345

		0.886456956		98.4129

		0.874219102		88.3976

		0.847344254		71.732

		0.826525885		62.3353

		0.800849138		54.4651

		0.75138351		45.608

		0.704047844		40.6497

		0.653712425		37.034

		0.601742893		34.1931

		0.550572486		31.8931

		0.50034552		29.9101

		0.450447184		28.0823

		0.39999861		26.3097

		0.350324786		24.7242

		0.300767329		23.1473

		0.250932891		21.5324

		0.200848627		19.8846

		0.141153414		17.8846
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0723c

		0.005384964		10.6566

		0.010396547		11.2252

		0.025023055		12.095

		0.033880163		12.4561

		0.041374774		12.7204

		0.059735146		13.2957

		0.06015686		13.3151

		0.078381726		13.836

		0.080220363		13.8886

		0.096482936		14.3442

		0.100193296		14.4559

		0.114523526		14.8504

		0.1200681		15.0128

		0.132580849		15.3578

		0.139870847		15.5679

		0.151155851		15.879

		0.15988116		16.1255

		0.169340937		16.3931

		0.180074406		16.6974

		0.18759688		16.9137

		0.200181719		17.2638

		0.206245443		17.4387

		0.224408735		17.9337

		0.24248151		18.4373

		0.25016119		18.6573

		0.260957103		18.9485

		0.279178772		19.439

		0.297648267		19.934

		0.300191103		20.0447

		0.315938182		20.4372

		0.334389798		20.907

		0.350893446		21.3424

		0.352391946		21.4454

		0.370930298		21.8696

		0.406830439		22.7752

		0.407361396		22.8872

		0.427507611		23.3298

		0.461279698		24.2238

		0.462239962		24.3531

		0.482198426		24.847

		0.516143783		25.7982

		0.516920074		25.9749

		0.536998953		26.4641

		0.567929616		27.4489

		0.571781062		27.71

		0.592016107		28.3108

		0.617962539		29.2657

		0.626905163		29.6888

		0.645706401		30.4021

		0.649937375		30.7682

		0.664485553		31.2978

		0.697604123		32.8383

		0.700098249		33.1905

		0.70098063		33.3578

		0.717967098		34.019

		0.751374135		36.0321

		0.755640075		36.5558

		0.776519394		37.955

		0.804943709		40.5609

		0.809398331		41.2069

		0.82189246		42.5443

		0.825774303		43.2555

		0.844484953		45.6969

		0.862498412		48.8684

		0.864376322		49.5708

		0.878622478		52.7516

		0.892326099		56.8128

		0.900553002		59.9532

		0.91907719		68.9684

		0.94571749		92.9599

		0.971148634		145.1465

		0.976284295		164.8098

		0.984943776		226.6684

		0.989120228		269.0362

		0.972024036		268.6298

		0.956534705		232.6617

		0.927817501		136.9757

		0.904899842		101.9669

		0.8821017		77.9123

		0.85116511		59.1523

		0.819527274		48.0801

		0.792457416		42.9053

		0.757198625		38.4834

		0.702449418		34.074

		0.652684985		31.2255

		0.601687851		28.9075

		0.550657846		26.9729

		0.500591928		25.2939

		0.450495606		23.797

		0.400625839		22.4008

		0.350240046		21.021

		0.300809607		19.6556

		0.250751866		18.2324

		0.200632192		16.761

		0.140968127		14.986
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Peffect

				Sbet b		Dpore c		VPore d

		6000		511		9.6		1.22

		5000		416		6.12		0.64

		4000		327		2.32		0.45





Teffects

				s		d		v

		40		484		6.3		0.76

		50		458		7.2		0.74

		60		511		9.6		1.22

		70		285		8.34		0.59





0909

		0.004898635		51.7848

		0.009853452		57.5278

		0.023114054		65.7045

		0.03089958		68.8926

		0.043766896		73.0663

		0.05959983		77.1684

		0.059994007		77.2792

		0.079287228		81.3728

		0.079935974		81.5283

		0.096044394		84.5006

		0.100007507		85.1924

		0.114512402		87.5933

		0.120122259		88.4854

		0.133081888		90.4074

		0.140322149		91.4732

		0.151279921		92.9991

		0.160522484		94.2629

		0.169826811		95.4884

		0.180536559		96.8821

		0.188402265		97.8686

		0.201117333		99.4219

		0.206710651		100.1141

		0.224960405		102.2551

		0.244244917		104.4651

		0.251501089		105.3072

		0.262132074		106.5056

		0.278760628		108.347

		0.299005011		110.6045

		0.301551178		110.9197

		0.317937504		112.6721

		0.335979407		114.6436

		0.35325525		116.588

		0.370428715		118.5031

		0.388686425		120.5723

		0.400172561		121.924

		0.407236747		122.7487

		0.425112927		124.7916

		0.443307569		126.9693

		0.450153237		127.84

		0.462059248		129.2951

		0.479935581		131.5127

		0.498263196		133.903

		0.500213806		134.304

		0.519836617		136.7939

		0.531200686		138.3458

		0.550549735		141.0489

		0.553122603		141.5382

		0.574444996		144.6274

		0.587556184		146.6589

		0.60027194		148.7434

		0.60795857		149.9893

		0.625816778		152.9902

		0.644341242		156.2122

		0.64986641		157.3749

		0.663978397		160.017

		0.679626365		163.1519

		0.699032652		167.2925

		0.699832613		167.7742

		0.721741795		172.4659

		0.740616965		177.2614

		0.750902394		179.9965

		0.75344398		180.9539

		0.770356993		185.608

		0.785941641		190.5222

		0.800069296		195.3774

		0.808563649		198.5541

		0.819684918		203.0279

		0.826571799		206.1011

		0.843012137		213.4291

		0.848894947		216.5744

		0.864172703		224.8892

		0.873830938		230.8526

		0.881360863		235.9755

		0.894770458		246.514

		0.921095805		273.8233

		0.944691234		315.0446

		0.968950862		416.159

		0.97408557		462.35

		0.985538877		534.3464

		0.988986851		544.638

		0.977866937		542.4172

		0.96850241		538.2318

		0.953786055		519.3817

		0.930970685		358.4922

		0.90378679		291.2467

		0.877962637		257.3108

		0.851641374		234.9101

		0.831990546		222.4498

		0.803557104		208.2218

		0.751061278		188.4564

		0.703317246		174.8861

		0.654207272		163.443

		0.601911504		153.2157

		0.551298772		144.6102

		0.500699162		136.964

		0.451334491		129.8707

		0.401192663		122.5544

		0.348077067		116.243

		0.302651457		111.1216

		0.250843867		105.2257

		0.200341075		99.2317

		0.141197004		91.4163
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1005a

		0.005196806		22.5292

		0.009860205		24.0461

		0.024825363		26.4439

		0.032443915		27.2353

		0.040776072		27.9802

		0.059397749		29.3694

		0.060041324		29.425

		0.078769463		30.6284

		0.079813698		30.7046

		0.096334146		31.6997

		0.10006664		31.9228

		0.114284672		32.7495

		0.119901889		33.0803

		0.132446198		33.8006

		0.139950988		34.2326

		0.150926597		34.8606

		0.159838214		35.3624

		0.169398149		35.9071

		0.179677634		36.4819

		0.187670476		36.9387

		0.200079987		37.6401

		0.206107487		37.9855

		0.224402525		39.004

		0.242546832		40.0342

		0.250355769		40.4801

		0.260936488		41.076

		0.278710153		42.0733

		0.297639919		43.1441

		0.300153115		43.3403

		0.315840967		44.2106

		0.33455859		45.2716

		0.351086387		46.1921

		0.351817846		46.382

		0.371648705		47.414

		0.403309446		49.28

		0.407062591		49.5614

		0.426466177		50.7066

		0.442547236		51.7314

		0.450201013		52.2566

		0.462072141		53.0079

		0.479644902		54.1266

		0.497866712		55.3865

		0.499931519		55.6983

		0.518506346		56.8265

		0.548293813		59.0234

		0.550188736		59.3979

		0.554429024		59.7141

		0.584622082		61.9748

		0.588987854		62.472

		0.601828703		63.5417

		0.60666907		64.0415

		0.625717693		65.774

		0.643258666		67.5992

		0.650308441		68.4262

		0.663093419		69.821

		0.68011923		71.8472

		0.698930268		74.3204

		0.699932899		74.6967

		0.719987543		77.4398

		0.74393168		81.4212

		0.750639044		82.7649

		0.754072406		83.5139

		0.769145017		86.5931

		0.788496475		91.2589

		0.799819487		94.6049

		0.809219903		97.4972

		0.819140691		101.0971

		0.827165017		104.2165

		0.841576714		110.8127

		0.849821508		115.5973

		0.86457264		124.448

		0.872598058		131.5326

		0.882614595		140.9648

		0.894692489		155.6709

		0.919590103		203.2228

		0.94269582		288.9954

		0.971126025		457.9474

		0.97551748		469.1562

		0.988030907		486.3645

		0.997363822		492.444

		0.972790545		491.7475

		0.936854225		489.5414

		0.916431043		485.6595

		0.905144747		365.0671

		0.87805875		222.5106

		0.853831379		166.5198

		0.825393142		130.6647

		0.806570592		115.6952

		0.747664473		89.0702

		0.700832598		78.1131

		0.645375421		69.6162

		0.606254179		65.0971

		0.552316256		59.9533

		0.500660841		55.8316

		0.451028748		52.284

		0.40054838		48.9546

		0.351060861		45.8727

		0.301431879		42.8969

		0.25526983		40.1646

		0.201848607		37.0535

		0.144756101		33.7098
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1005

		0.00490487		22.505

		0.010126414		24.1549

		0.024651563		26.4122

		0.032151276		27.178

		0.040763171		27.9143

		0.059535481		29.2643

		0.060040311		29.3117

		0.079367367		30.5039

		0.080212741		30.5756

		0.09652897		31.5266

		0.10027672		31.748

		0.114525381		32.5518

		0.119997271		32.8551

		0.133015076		33.5664

		0.14020437		33.9777

		0.151296357		34.5843

		0.160438912		35.0856

		0.169609336		35.5835

		0.18017573		36.1646

		0.188275039		36.6027

		0.20071219		37.2716

		0.20666298		37.6082

		0.224929863		38.5814

		0.243702599		39.5827

		0.250931666		39.9914

		0.26184707		40.5881

		0.279849246		41.5578

		0.299050866		42.581

		0.301361252		42.7529

		0.31710402		43.5884

		0.3357247		44.6001

		0.351350368		45.4604

		0.351921059		45.6225

		0.371172883		46.5685

		0.403145147		48.3663

		0.407443989		48.6771

		0.426755007		49.7717

		0.44240771		50.7063

		0.450285533		51.2219

		0.46218016		51.9366

		0.479526837		53.0203

		0.498180971		54.2314

		0.499803773		54.5267

		0.518757952		55.6718

		0.54848116		57.7751

		0.55042455		58.0957

		0.554629328		58.4154

		0.584628201		60.6473

		0.589166418		61.1218

		0.601626623		62.1092

		0.607122603		62.6149

		0.62581354		64.3198

		0.644160654		66.1714

		0.650712093		66.9087

		0.663415076		68.3164

		0.680918391		70.4323

		0.699752603		72.857

		0.700174195		73.2542

		0.720735274		75.9495

		0.744221635		79.8875

		0.751809967		81.4292

		0.755023891		82.0882

		0.770199745		85.3522

		0.790910775		90.1784

		0.800374235		93.0216

		0.810033839		96.24

		0.820829096		100.239

		0.827849499		103.2432

		0.842542157		110.1673

		0.8495164		114.4231

		0.864131675		124.4099

		0.87416571		132.9696

		0.881304485		140.8822

		0.893254401		155.8067

		0.921245979		216.3266

		0.934221017		281.1691

		0.968389226		319.2806

		0.966543331		326.2305

		0.938024533		327.7985

		0.904262412		327.2536

		0.890132263		320.581

		0.851996236		283.1344

		0.801443445		215.5707

		0.777037508		151.426

		0.754611411		106.5927

		0.705067493		70.8198

		0.653991903		53.5632

		0.603753424		45.4137

		0.546407636		40.0687
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1016

		0.004854297		30.6905

		0.010205935		35.7665

		0.023105884		42.6967

		0.029395407		45.1208

		0.040122368		48.5894

		0.059868064		53.6677

		0.060145046		53.7806

		0.082018504		58.3017

		0.096074587		60.9397

		0.099465989		61.5449

		0.114001537		63.984

		0.119552469		64.8959

		0.132346215		66.8044

		0.139791748		67.9377

		0.150862287		69.5159

		0.159965545		70.763

		0.169114086		72.0171

		0.180225586		73.4586

		0.187799672		74.4365

		0.20036981		76.007

		0.206232448		76.756

		0.224663672		78.9314

		0.243466559		81.1345

		0.250613842		81.9854

		0.261433087		83.2168

		0.278988116		85.2078

		0.298773874		87.3917

		0.300879789		87.7325

		0.316697552		89.3815

		0.335152489		91.3811

		0.351799988		93.228

		0.352105942		93.5285

		0.372367124		95.5263

		0.401753797		98.766

		0.407738199		99.5164

		0.426468287		101.6031

		0.443350623		103.5717

		0.450432761		104.4403

		0.46235175		105.8622

		0.48041394		108.0466

		0.498807086		110.3011

		0.500140673		110.811

		0.519411718		113.0126

		0.547078262		116.6885

		0.550539214		117.4326

		0.553684845		117.957

		0.569520411		119.9689

		0.587638424		122.6749

		0.600274955		124.7024

		0.607914718		126.0384

		0.626104019		128.9995

		0.643515529		132.1491

		0.650448507		133.4702

		0.662560867		135.775

		0.680622731		139.3508

		0.698723375		143.3222

		0.700073172		143.971

		0.720398246		148.4674

		0.74255445		154.3828

		0.750688417		157.0081

		0.75441695		158.2027

		0.770393326		162.9928

		0.788725253		169.3396

		0.800399269		173.8316

		0.808239364		177.5929

		0.82163999		183.399

		0.825493474		185.6603

		0.843649738		195.0812

		0.847796774		198.0407

		0.866798754		210.282

		0.872681565		215.1143

		0.882449566		223.3498

		0.896857333		237.2504

		0.921752591		269.0969

		0.943257323		309.4302

		0.969146902		384.6822

		0.973031119		417.4559

		0.984185764		535.1481

		0.988520225		609.3759

		0.975903091		606.9429

		0.972203581		598.9233

		0.95484089		494.0652

		0.921151662		347.0786

		0.904689566		306.5142

		0.877710164		262.7456

		0.848169113		228.5541

		0.830123633		213.2198

		0.804828957		194.9304

		0.75125553		167.0817

		0.703240412		149.9266

		0.655513713		137.0546

		0.602619793		125.8714

		0.551671099		117.2604

		0.502066454		110.0448

		0.452279242		103.5533

		0.400793677		97.3476

		0.35018712		91.7114

		0.302844362		86.4774

		0.251197895		80.6854

		0.200450525		74.7617

		0.141772288		67.0387
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1023

		0.004911453		60.5014

		0.009612136		65.9349

		0.023492059		73.6759

		0.030171767		75.9589

		0.039541207		78.4849

		0.059276376		82.4341

		0.05968069		82.5595

		0.081288474		85.785

		0.096618609		87.7561

		0.100033922		88.184

		0.114745657		89.8014

		0.120579824		90.4232

		0.133511157		91.706

		0.140653398		92.3781

		0.152074438		93.4153

		0.161137603		94.2139

		0.170536897		94.9988

		0.180733418		95.7937

		0.188650677		96.4323

		0.200674709		97.3307

		0.206909183		97.8255

		0.224229733		99.0497

		0.243530485		100.3941

		0.251756845		100.9783

		0.262276639		101.6732

		0.278780789		102.7329

		0.297841052		103.9436

		0.301677053		104.2695

		0.317314245		105.1765

		0.334245734		106.1998

		0.350882828		107.2215

		0.351874861		107.4532

		0.371354637		108.4775

		0.404521195		110.4446

		0.406860588		110.7495

		0.428465447		111.9359

		0.459357646		113.8248

		0.461386377		114.2095

		0.482909916		115.355

		0.513671846		117.3243

		0.516480997		117.8357

		0.537838771		119.1067

		0.565597952		121.0726

		0.571450222		121.6623

		0.591093331		123.1246

		0.598901716		123.8404

		0.608023893		124.6306

		0.625424332		126.1174

		0.643901753		127.8874

		0.649968496		128.6389

		0.663559714		129.9542

		0.679703017		131.7111

		0.698920673		133.9043

		0.699004101		134.5808

		0.719544819		136.6203

		0.747477664		140.4102

		0.750834664		141.2181

		0.754217408		141.9664

		0.770151083		144.1764

		0.786882171		147.1201

		0.800165988		149.8069

		0.808760104		151.646

		0.819776865		154.1108

		0.826705272		155.73

		0.843779715		160.0771

		0.849427424		162.0755

		0.86618653		166.9501

		0.873328467		169.4092

		0.882025963		172.5591

		0.897218362		178.7947

		0.920169855		190.7338

		0.950223039		216.3057

		0.968269854		243.8542

		0.977022734		261.25

		0.984380887		296.797

		0.989511834		328.7194

		0.975106048		326.1471

		0.969594819		318.3147

		0.950290203		274.3461

		0.930917667		239.1047

		0.901241139		208.6755

		0.875691048		190.5449

		0.852381576		178.7293

		0.827195069		168.8595

		0.800546942		160.6783

		0.749961535		149.1169

		0.70110904		140.7259

		0.651203066		133.9637

		0.60065518		128.3098

		0.549890584		123.5439

		0.501000571		119.5436

		0.45215416		114.9536

		0.397636917		110.8056

		0.350780606		107.8179

		0.301319141		104.6235

		0.253604814		101.4196

		0.200495561		97.541

		0.143607726		92.7527
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1106a

		0.005073515		22.5194

		0.010453943		24.0759

		0.023079753		26.004

		0.032590405		26.9914

		0.041184372		27.7318

		0.05982272		29.122

		0.06007512		29.1545

		0.079767282		30.4356

		0.080158059		30.4798

		0.096119236		31.4678

		0.099908982		31.6999

		0.114589647		32.5749

		0.12010229		32.9132

		0.132836508		33.663

		0.140221047		34.0934

		0.151185392		34.738

		0.159744009		35.2327

		0.16948361		35.8

		0.179911424		36.4092

		0.187809805		36.8561

		0.200003086		37.5446

		0.20605469		37.8949

		0.224495104		38.9258

		0.242913935		39.9551

		0.250388522		40.3817

		0.261271994		41.007

		0.279306389		42.0121

		0.298115885		43.061

		0.30025012		43.2749

		0.316397666		44.1144

		0.334727385		45.1356

		0.351145885		46.0693

		0.352284208		46.2761

		0.371441922		47.2568

		0.404590715		49.1706

		0.407341121		49.4488

		0.428360371		50.6167

		0.459340373		52.5856

		0.46243387		52.9567

		0.483784469		54.2393

		0.513362043		56.307

		0.516633421		56.8067

		0.537950699		58.2477

		0.564966407		60.4244

		0.57169654		61.1274

		0.590894356		62.7794

		0.599181589		63.6031

		0.607919563		64.4634

		0.625136831		66.3021

		0.644683763		68.4086

		0.649707465		69.1489

		0.663947487		70.8811

		0.679699875		73.0708

		0.699617026		75.9208

		0.699317605		76.515

		0.727996441		80.8297

		0.742698797		83.704

		0.750668295		85.5771

		0.754454689		86.4367

		0.770327212		90.2923

		0.79047054		95.5963

		0.799991086		98.6737

		0.809399169		101.8206

		0.81961539		105.687

		0.827773709		108.6604

		0.843642588		115.4165

		0.850587374		118.9802

		0.864719041		126.3077

		0.874462219		132.2074

		0.882294904		137.4171

		0.897284956		147.8118

		0.925669569		174.6033

		0.945054487		201.5714

		0.972566165		271.7916

		0.976791658		291.7248

		0.994560415		338.9772

		0.994578297		349.0529

		0.971127079		349.4333

		0.952364176		338.462

		0.923512034		256.7828

		0.904028723		216.3236

		0.877314631		177.6514

		0.852195029		153.9524

		0.83098824		138.5446

		0.801888395		121.598

		0.749413418		98.9942

		0.70194617		84.3673

		0.651504091		73.8271

		0.602456137		66.7203

		0.552400647		61.1775

		0.500778493		56.5722

		0.450672551		52.7172

		0.400217158		49.2681

		0.349996835		46.0444

		0.300102961		42.9952

		0.251706956		40.0758

		0.201276545		37.027

		0.141655522		33.3645
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1106

		0.0050426		56.5108

		0.009750435		62.9344

		0.022988706		72.8635

		0.029613207		76.2377

		0.039943366		80.557

		0.059935584		87.1257

		0.060149875		87.2246

		0.080589322		92.5845

		0.096238453		96.1957

		0.100174854		97.0436

		0.114656285		99.9952

		0.120096148		101.0702

		0.132952064		103.4031

		0.140052328		104.7528

		0.151226068		106.6459

		0.160261342		108.1409

		0.169791117		109.7073

		0.180491026		111.3903

		0.187966449		112.54

		0.200460189		114.4076

		0.20623541		115.2848

		0.224563773		117.8946

		0.243785524		120.5295

		0.251051343		121.559

		0.26156236		122.972

		0.27890114		125.3122

		0.298542602		127.8554

		0.301107326		128.3366

		0.317324444		130.2909

		0.334742		132.4841

		0.351806991		134.6538

		0.351848717		134.9704

		0.371714514		137.2557

		0.402708035		141.2178

		0.407238743		141.9048

		0.426409362		144.3865

		0.443097373		146.6213

		0.450343904		147.6613

		0.462107812		149.3287

		0.480052867		151.7965

		0.49823414		154.4565

		0.500028312		155.2132

		0.51892121		157.5687

		0.548060536		162.0654

		0.550435518		163.3264

		0.555217221		163.9108

		0.584499556		168.2153

		0.590064222		169.3501

		0.601016333		171.2631

		0.607378897		172.4558

		0.62559793		175.8429

		0.644154199		179.654

		0.650627538		181.0335

		0.662990154		183.6724

		0.681050764		187.644

		0.699150052		192.0378

		0.699916789		193.1209

		0.720568511		197.5726

		0.745406128		204.6719

		0.752213062		206.6357

		0.753142641		208.0313

		0.770629281		212.5854

		0.797027639		222.1355

		0.802296795		224.7177

		0.811073761		227.8286

		0.818912716		231.3202

		0.828079077		235.7634

		0.844620249		243.526

		0.850007455		246.8443

		0.866398213		256.4001

		0.875088822		262.112

		0.883104998		267.5742

		0.897344794		279.017

		0.920221532		300.7614

		0.945523844		337.3528

		0.973309176		411.473

		0.977553368		432.9364

		0.995505761		450.438

		0.99562861		464.6009

		0.97187187		465.0443

		0.945561597		455.1998

		0.929558583		414.107

		0.892872221		334.4174

		0.874812981		309.9036

		0.845564754		280.9064

		0.829075611		268.4907

		0.802741301		251.6947

		0.750591533		226.1537

		0.701263902		208.2091

		0.653257118		193.6855

		0.60072175		180.4425

		0.550978804		169.7714

		0.500606641		160.4409

		0.450805902		151.9202

		0.400735828		143.5355

		0.348788766		136.1158

		0.301351972		129.4977

		0.25618773		123.1452

		0.200527581		114.9298

		0.139299236		104.6821
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1113a

		0.004958391		15.6876

		0.010174057		16.7669

		0.024872279		18.4157

		0.032041122		18.9938

		0.04089674		19.6206

		0.058936052		20.7347

		0.060073164		20.8028

		0.078028832		21.7968

		0.080079819		21.9088

		0.096075172		22.75

		0.099706246		22.939

		0.114245805		23.6714

		0.119775074		23.9528

		0.132436885		24.5769

		0.139585968		24.9329

		0.150808965		25.4809

		0.159665411		25.9082

		0.169071108		26.3644

		0.179728459		26.871

		0.187470966		27.2397

		0.199967113		27.8324

		0.205907031		28.1138

		0.224002418		28.9474

		0.242578615		29.8082

		0.250129264		30.1673

		0.260853359		30.6605

		0.278492907		31.4657

		0.297498011		32.3435

		0.300132398		32.4887

		0.315903023		33.1999

		0.334483541		34.0728

		0.350018311		34.8162

		0.35191005		34.9457

		0.371147078		35.8313

		0.386568609		36.6042

		0.400099534		37.2997

		0.406751083		37.6608

		0.425369631		38.6032

		0.443051061		39.569

		0.450123747		39.9901

		0.461999696		40.6832

		0.479874094		41.7564

		0.498128085		42.9352

		0.499914456		43.1219

		0.518510423		44.3326

		0.532222199		45.3287

		0.550205865		46.7446

		0.553078802		47.0416

		0.573134939		48.7095

		0.587713106		50.1016

		0.600363363		51.3956

		0.607896033		52.2409

		0.625741991		54.2948

		0.643776928		56.6505

		0.650519477		57.6426

		0.662938012		59.5428

		0.680394725		62.5243

		0.698698164		66.1684

		0.700749933		66.7211

		0.720833559		71.3062

		0.732813001		74.6049

		0.750470089		80.0322

		0.754386158		81.5177

		0.77480869		88.8315

		0.789032939		94.3442

		0.799944713		99.0176

		0.809535678		102.9901

		0.81998152		107.1825

		0.826392067		109.9719

		0.843353017		116.7516

		0.848701773		119.119

		0.864994701		125.7935

		0.873967675		129.5685

		0.881740949		132.8294

		0.898549295		138.8552

		0.925836486		146.3933

		0.946727068		151.5653

		0.971149067		164.4104

		0.97840769		171.7936

		0.99442697		178.0725

		0.994510654		183.1788

		0.971831877		183.0918

		0.943660434		179.8866

		0.928147661		174.1531

		0.898139848		158.3925

		0.862162133		149.9851

		0.844750012		146.525

		0.829832539		142.1874

		0.800799486		129.7321

		0.749739687		106.6161

		0.703381609		87.4917

		0.653484378		68.5421

		0.592501063		54.6495

		0.545554849		48.784

		0.490801226		43.6514

		0.452946288		40.7668

		0.401176395		37.4063

		0.349973691		34.7202

		0.301617273		32.3704

		0.256120344		30.1952

		0.201231799		27.5668

		0.145366083		24.8239
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1113

		0.004769564		57.4192

		0.00981643		64.1392

		0.023827499		72.9924

		0.030698842		75.6211

		0.042412899		78.9759

		0.059185846		82.402

		0.059864803		82.5677

		0.081302261		85.6675

		0.096915087		87.4524

		0.100488307		87.8262

		0.116040498		89.2252

		0.121310119		89.6743

		0.135119337		90.7031

		0.142221653		91.1968

		0.15402221		91.9565

		0.162562741		92.4665

		0.171909026		92.9865

		0.18109378		93.4573

		0.188976076		93.8443

		0.200720595		94.3851

		0.208109769		94.7128

		0.22486505		95.3798

		0.243829943		96.0597

		0.252695801		96.3678

		0.263430023		96.7213

		0.279375282		97.192

		0.298081788		97.7096

		0.302236347		97.8576

		0.317120809		98.2034

		0.334162339		98.5969

		0.349845735		98.9501

		0.351957455		99.0822

		0.371176827		99.4058

		0.406132282		100.0106

		0.406544565		100.1311

		0.427335256		100.4045

		0.461290316		100.9038

		0.461411914		101.0386

		0.481728168		101.2751

		0.516068487		101.6788

		0.515953007		101.8244

		0.553014574		102.1801

		0.571946162		102.466

		0.589917099		102.7192

		0.599673096		102.9284

		0.608239605		103.0336

		0.62571733		103.2138

		0.644171608		103.4453

		0.650066708		103.5886

		0.663169986		103.724

		0.699059744		104.0807

		0.718255028		104.3621

		0.736038983		104.628

		0.749756018		104.8581

		0.753809435		105.0019

		0.77267866		105.2375

		0.80803117		105.7134

		0.808040646		105.9616

		0.821850553		106.1695

		0.844820298		106.5537

		0.844765366		106.7399

		0.867681489		107.174

		0.87612368		107.5281

		0.882429806		107.7869

		0.900010912		108.3342

		0.922620533		109.5238

		0.946991042		112.1323

		0.976957792		122.7536

		0.98405002		127.5964

		0.992188742		133.2312

		0.994293415		135.2768

		0.971525742		135.104

		0.941049094		132.2948

		0.925635445		126.8655

		0.902097294		118.1123

		0.857750005		112.0366

		0.835365059		110.761

		0.808881359		109.8255

		0.783001021		109.1743

		0.750677572		108.4712

		0.699113902		107.7401

		0.651486569		107.0832

		0.600080487		106.4186

		0.549997543		105.78

		0.500502867		105.0679

		0.446587777		101.3252

		0.39662835		100.3574

		0.335860918		99.0144

		0.299781562		98.1163

		0.251990551		96.661

		0.200665947		94.662

		0.146065222		91.7074
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1101

		0.004830601		58.1649

		0.009891359		64.7956

		0.022214323		73.6456

		0.031494948		78.0688

		0.039770777		81.2741

		0.059653176		87.4233

		0.060005675		87.5458

		0.079673057		92.3512

		0.080081423		92.4901

		0.096103827		95.8353

		0.100065497		96.6564

		0.114657183		99.3598

		0.120001924		100.3214

		0.132866716		102.4813

		0.140431887		103.7096

		0.151605132		105.4486

		0.160528657		106.7567

		0.170109987		108.1289

		0.180921448		109.638

		0.18853281		110.6752

		0.201113057		112.3402

		0.206721082		113.0736

		0.224652146		115.2883

		0.244373113		117.6004

		0.251523013		118.4571

		0.262152565		119.6425

		0.279059861		121.5175

		0.298800236		123.5691

		0.301759695		123.9591

		0.318166075		125.5471

		0.335452616		127.2164

		0.351841608		128.7618

		0.368779385		130.2814

		0.370014158		130.5108

		0.390268124		132.0517

		0.415793746		133.9729

		0.42519585		134.6748

		0.443789827		135.8535

		0.449616462		136.2957

		0.462163293		137.0238

		0.479533362		137.9851

		0.498356909		138.9316

		0.517530955		139.8026

		0.534660641		140.5367

		0.550242442		141.103

		0.571220974		141.7424

		0.589408609		142.2758

		0.599862853		142.5665

		0.607719953		142.7835

		0.626332429		143.1421

		0.644058984		143.4911

		0.649755685		143.6649

		0.663299852		143.876

		0.699231256		144.3689

		0.718578002		144.7297

		0.735882406		145.0544

		0.750141389		145.2933

		0.753749136		145.4458

		0.772446509		145.6967

		0.808524004		146.2519

		0.80861089		146.4285

		0.821331336		146.614

		0.845282503		147.0253

		0.849978334		147.2267

		0.864230395		147.4882

		0.892946001		148.0486

		0.89976328		148.3812

		0.925694249		148.8726

		0.967137049		149.8171

		0.97474701		150.3133

		0.980713388		150.6541

		0.989774686		151.2289

		0.994677476		151.8125

		0.972768187		151.0251

		0.933435575		149.8963

		0.907396338		149.301

		0.900592153		149.0748

		0.8740493		148.747

		0.831994834		148.2894

		0.825487461		148.1155

		0.799438069		147.8282

		0.732371829		146.9398

		0.700166999		146.3835

		0.649294085		145.7456

		0.600808497		145.0568

		0.549916869		144.305

		0.50137825		142.9799

		0.4509447		140.6432

		0.404871213		134.9677

		0.346540125		128.8881

		0.30167105		124.4205

		0.250997937		118.8481

		0.200395137		112.629

		0.140912034		104.0731
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Chart4

		0.004872634		0.004888661		0.005471607

		0.010329859		0.010369803		0.010861428

		0.025438669		0.02578283		0.025769941

		0.03401298		0.034198428		0.034270286

		0.041342351		0.04166999		0.041547288

		0.059849724		0.060089357		0.059805541

		0.060294143		0.07808324		0.060158905

		0.078219391		0.08021064		0.078435469

		0.080149286		0.096483028		0.08017767

		0.096079149		0.100270872		0.096190133

		0.100138119		0.114563227		0.100184736

		0.114703852		0.120048113		0.114401919

		0.120057705		0.133246059		0.120091706

		0.132757469		0.140117128		0.13307079

		0.140057393		0.151496462		0.139863182

		0.151144171		0.160370525		0.151292819

		0.159751927		0.169877488		0.160062537

		0.169135921		0.180463543		0.16958166

		0.179810671		0.187924231		0.180224847

		0.187793205		0.200151522		0.187711824

		0.200142205		0.206386031		0.200282569

		0.206036749		0.224343198		0.206277998

		0.22428899		0.243120777		0.224551072

		0.242330492		0.250642916		0.242898016

		0.250170618		0.261308714		0.250379169

		0.260845138		0.279396035		0.261112053

		0.279119812		0.298008912		0.279299858

		0.297521919		0.300632439		0.297856981

		0.300099039		0.315987312		0.300448246

		0.315731986		0.334231021		0.316074837

		0.334033348		0.350494368		0.33440393

		0.349953379		0.352551431		0.350505723

		0.351969925		0.371145903		0.352451679

		0.37079998		0.407998594		0.370751851

		0.387892912		0.424873327		0.407717891

		0.400125264		0.443681821		0.425424932

		0.40686808		0.450026413		0.443967916

		0.425212076		0.461728924		0.450193941

		0.44303488		0.479645331		0.462566016

		0.450088708		0.498157881		0.480188243

		0.461732549		0.500093932		0.498864289

		0.479547266		0.51693137		0.500578185

		0.498000612		0.553011876		0.517718005

		0.499768073		0.571420679		0.553451646

		0.517326786		0.589779388		0.553672469

		0.551169547		0.599792434		0.573372096

		0.553179756		0.608042448		0.608169168

		0.573604234		0.626091963		0.608523895

		0.605547535		0.643916647		0.628769599

		0.607629744		0.650208445		0.66284702

		0.628805882		0.663500355		0.663555804

		0.660505189		0.680041767		0.683879515

		0.661908876		0.699329571		0.71766848

		0.683814994		0.699708406		0.718553634

		0.716255657		0.71908863		0.738727592

		0.716789016		0.753247192		0.768577759

		0.737655813		0.772530253		0.773542601

		0.768038477		0.790540878		0.793446575

		0.771613408		0.818949846		0.818168527

		0.791189527		0.838946903		0.821610523

		0.818356406		0.845291331		0.830563615

		0.838355446		0.850370031		0.861490461

		0.845429797		0.88246929		0.865118979

		0.850238976		0.9188073		0.880351184

		0.863419142		0.925143141		0.898207452

		0.875033639		0.950233456		0.901356304

		0.881953498		0.992585722		0.925699604

		0.900215553		0.995075386		0.957235303

		0.925034481		0.972425173		0.975367339

		0.950038619		0.931983768		0.981635336

		0.97494668		0.906391284		0.98961175

		0.98010945		0.881046858		0.994728498

		0.990472898		0.875192577		0.972695707

		0.99469532		0.850056216		0.946658523

		0.972154226		0.825220012		0.919167929

		0.932078685		0.79993848		0.90115101

		0.906522837		0.750104953		0.875565292

		0.88138504		0.700179906		0.850647152

		0.856373468		0.650296775		0.825452037

		0.850178274		0.603993114		0.800326621

		0.824989579		0.552447548		0.749597153

		0.781282296		0.49840917		0.699467961

		0.749766547		0.432515953		0.650965927

		0.700254344		0.381702704		0.601144428

		0.650328624		0.350231934		0.550478713

		0.600124108		0.30003276		0.500654365

		0.550519014		0.250124786		0.451249937

		0.50130787		0.205864419		0.399228008

		0.452960523		0.140080765		0.349717919

		0.398608708				0.289099481

		0.349734938				0.25049387

		0.290518694				0.180994332

		0.250626525				0.123310669

		0.200125669

		0.140181788



TiO2-8-380

TiO2-9-380

TiO2-10-380

Relative Preuusre (P/P0)

Volume Adsorbed (cm3/g)

10.2771

6.2533

10.0172

11.0586

6.964

10.7127

12.2033

7.7127

11.7283

12.6625

8.006

12.1413

13.0196

8.2319

12.4525

13.7982

8.6489

13.1464

13.8229

8.981

13.165

14.4966

9.0825

13.7683

14.5716

9.3571

13.8381

15.1475

9.468

14.3601

15.2958

9.6793

14.4923

15.7951

9.8019

14.9176

15.9807

10.0124

15.1009

16.4005

10.1353

15.4818

16.6494

10.2952

15.7026

17.0014

10.4295

16.0272

17.2843

10.5798

16.298

17.5836

10.715

16.5717

17.9198

10.8325

16.8819

18.1839

10.9945

17.0976

18.5747

11.0911

17.4542

18.7726

11.3049

17.6389

19.3289

11.5299

18.1363

19.8956

11.6545

18.658

20.156

11.7952

18.8886

20.5013

12.0007

19.1864

21.0654

12.2299

19.6819

21.6543

12.2988

20.2146

21.8034

12.491

20.3121

22.2948

12.7133

20.7379

22.918

12.9365

21.2709

23.5135

13.0065

21.7571

23.6336

13.2293

21.8672

24.2804

13.6445

22.3569

24.9412

13.9234

23.4332

25.4449

14.2338

24.0621

25.7728

14.366

24.6895

26.4995

14.5346

24.9922

27.3074

14.8367

25.3899

27.6976

15.1778

26.0243

28.2335

15.292

26.7202

29.1523

15.5918

26.9732

30.149

16.3971

27.5289

30.4766

16.9579

28.9569

31.33

17.5711

29.2249

33.4554

18.0158

29.974

33.8517

18.3938

31.5577

35.0658

19.1129

31.971

37.3938

20.0703

32.7335

37.876

20.6275

34.4508

39.241

21.3744

34.9319

41.4296

22.3933

35.7126

41.9129

23.6291

37.4713

42.8762

23.9916

37.95

44.2991

24.8479

38.8256

44.6622

25.9219

40.6401

45.1774

26.3394

41.367

45.8843

26.5507

42.5364

46.2192

26.7262

44.7677

46.5435

26.8705

45.6652

46.9275

26.9891

46.5763

47.285

27.0208

50.5762

47.4448

27.1266

51.7703

47.5039

27.3493

54.3018

47.6475

27.502

58.2335

47.8227

27.7208

60.2422

47.9234

28.6342

65.6123

48.1218

29.2909

76.451

48.3818

28.5665

86.2385

48.6776

28.0268

90.9263

49.1276

27.9003

99.3929

49.3787

27.7924

107.9854

49.7639

27.7609

106.5556

50.1601

27.6713

92.4481

49.5509

27.5754

80.6015

48.9287

27.4748

74.4948

48.7109

27.2711

67.4922

48.559

27.0584

61.7375

48.4263

26.7591

56.6684

48.3782

23.9736

52.0211

48.307

18.3676

44.6318

48.0815

16.2743

39.8717

47.9248

15.0462

37.0179

47.6564

14.337

34.8112

47.2058

13.9478

32.7746

46.3979

13.3639

30.5397

44.8458

12.805

27.1027

41.7432

12.2997

23.1828

34.8751

11.4877

21.433

26.0911

19.5741

23.8392

18.4013

21.6065

16.29

20.2405

14.4711

18.5341

16.4722



1101a

		0.004872634		10.2771

		0.010329859		11.0586

		0.025438669		12.2033

		0.03401298		12.6625

		0.041342351		13.0196

		0.059849724		13.7982

		0.060294143		13.8229

		0.078219391		14.4966

		0.080149286		14.5716

		0.096079149		15.1475

		0.100138119		15.2958

		0.114703852		15.7951

		0.120057705		15.9807

		0.132757469		16.4005

		0.140057393		16.6494

		0.151144171		17.0014

		0.159751927		17.2843

		0.169135921		17.5836

		0.179810671		17.9198

		0.187793205		18.1839

		0.200142205		18.5747

		0.206036749		18.7726

		0.22428899		19.3289

		0.242330492		19.8956

		0.250170618		20.156

		0.260845138		20.5013

		0.279119812		21.0654

		0.297521919		21.6543

		0.300099039		21.8034

		0.315731986		22.2948

		0.334033348		22.918

		0.349953379		23.5135

		0.351969925		23.6336

		0.37079998		24.2804

		0.387892912		24.9412

		0.400125264		25.4449

		0.40686808		25.7728

		0.425212076		26.4995

		0.44303488		27.3074

		0.450088708		27.6976

		0.461732549		28.2335

		0.479547266		29.1523

		0.498000612		30.149

		0.499768073		30.4766

		0.517326786		31.33

		0.551169547		33.4554

		0.553179756		33.8517

		0.573604234		35.0658

		0.605547535		37.3938

		0.607629744		37.876

		0.628805882		39.241

		0.660505189		41.4296

		0.661908876		41.9129

		0.683814994		42.8762

		0.716255657		44.2991

		0.716789016		44.6622

		0.737655813		45.1774

		0.768038477		45.8843

		0.771613408		46.2192

		0.791189527		46.5435

		0.818356406		46.9275

		0.838355446		47.285

		0.845429797		47.4448

		0.850238976		47.5039

		0.863419142		47.6475

		0.875033639		47.8227

		0.881953498		47.9234

		0.900215553		48.1218

		0.925034481		48.3818

		0.950038619		48.6776

		0.97494668		49.1276

		0.98010945		49.3787

		0.990472898		49.7639

		0.99469532		50.1601

		0.972154226		49.5509

		0.932078685		48.9287

		0.906522837		48.7109

		0.88138504		48.559

		0.856373468		48.4263

		0.850178274		48.3782

		0.824989579		48.307

		0.781282296		48.0815

		0.749766547		47.9248

		0.700254344		47.6564

		0.650328624		47.2058

		0.600124108		46.3979

		0.550519014		44.8458

		0.50130787		41.7432

		0.452960523		34.8751

		0.398608708		26.0911

		0.349734938		23.8392

		0.290518694		21.6065

		0.250626525		20.2405

		0.200125669		18.5341

		0.140181788		16.4722
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10311

		0.004768065		48.9931

		0.009978516		53.1076

		0.025055591		58.0003

		0.031605314		59.1751

		0.03978607		60.3038

		0.059599696		62.1468

		0.0599324		62.1987

		0.080927111		63.4759

		0.097092298		64.2495

		0.100305112		64.4248

		0.115480011		64.978

		0.120615543		65.1781

		0.133752054		65.5807

		0.141027005		65.8096

		0.151740539		66.0877

		0.160604013		66.3146

		0.169828277		66.53

		0.180276046		66.7582

		0.187855052		66.8854

		0.200409578		67.1501

		0.206695684		67.2865

		0.224427271		67.5657

		0.242915458		67.8532

		0.250807054		68.0175

		0.26149136		68.179

		0.2791799		68.3981

		0.29771376		68.6428

		0.300634608		68.7265

		0.315905474		68.874

		0.333949805		69.0807

		0.350262087		69.2605

		0.35219497		69.3407

		0.370891952		69.4946

		0.407615742		69.7883

		0.425128684		70.0009

		0.443841424		70.1881

		0.450034274		70.2888

		0.462165668		70.3909

		0.499102357		70.6342

		0.519301785		70.8066

		0.534903225		70.9695

		0.550304773		71.0875

		0.572230299		71.2322

		0.589319904		71.366

		0.60012252		71.4648

		0.607762293		71.5562

		0.626308177		71.6626

		0.663346515		71.872

		0.680901807		72.0117

		0.699105525		72.1516

		0.700036654		72.2147

		0.717781127		72.2987

		0.754578086		72.4877

		0.772256981		72.6175

		0.790696867		72.7329

		0.800033191		72.8329

		0.808996078		72.8895

		0.820011307		72.97

		0.827117024		73.0274

		0.845417466		73.1277

		0.868866654		73.2832

		0.875069804		73.388

		0.882160502		73.4568

		0.899919994		73.5952

		0.92488041		73.8551

		0.949965414		74.2575

		0.974760697		74.9643

		0.980213281		75.3888

		0.990884866		76.0855

		0.994280594		76.6148

		0.972969104		75.8398

		0.933869068		74.6466

		0.907328565		74.0864

		0.881834012		73.7699

		0.856615802		73.538

		0.831177059		73.3534

		0.806426506		73.1851

		0.800236898		73.1255

		0.75006927		72.904

		0.681453221		72.5863

		0.650231506		72.3901

		0.599808464		72.1461

		0.550473312		71.8727

		0.500172643		71.5879

		0.450328386		71.1097

		0.400685211		70.3025

		0.348856981		69.7407

		0.300924001		69.1777

		0.250248212		68.505

		0.20673313		67.7954

		0.141855807		66.3515
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10311a

		0.004888661		6.2533

		0.010369803		6.964

		0.02578283		7.7127

		0.034198428		8.006

		0.04166999		8.2319

		0.060089357		8.6489

		0.07808324		8.981

		0.08021064		9.0825

		0.096483028		9.3571

		0.100270872		9.468

		0.114563227		9.6793

		0.120048113		9.8019

		0.133246059		10.0124

		0.140117128		10.1353

		0.151496462		10.2952

		0.160370525		10.4295

		0.169877488		10.5798

		0.180463543		10.715

		0.187924231		10.8325

		0.200151522		10.9945

		0.206386031		11.0911

		0.224343198		11.3049

		0.243120777		11.5299

		0.250642916		11.6545

		0.261308714		11.7952

		0.279396035		12.0007

		0.298008912		12.2299

		0.300632439		12.2988

		0.315987312		12.491

		0.334231021		12.7133

		0.350494368		12.9365

		0.352551431		13.0065

		0.371145903		13.2293

		0.407998594		13.6445

		0.424873327		13.9234

		0.443681821		14.2338

		0.450026413		14.366

		0.461728924		14.5346

		0.479645331		14.8367

		0.498157881		15.1778

		0.500093932		15.292

		0.51693137		15.5918

		0.553011876		16.3971

		0.571420679		16.9579

		0.589779388		17.5711

		0.599792434		18.0158

		0.608042448		18.3938

		0.626091963		19.1129

		0.643916647		20.0703

		0.650208445		20.6275

		0.663500355		21.3744

		0.680041767		22.3933

		0.699329571		23.6291

		0.699708406		23.9916

		0.71908863		24.8479

		0.753247192		25.9219

		0.772530253		26.3394

		0.790540878		26.5507

		0.818949846		26.7262

		0.838946903		26.8705

		0.845291331		26.9891

		0.850370031		27.0208

		0.88246929		27.1266

		0.9188073		27.3493

		0.925143141		27.502

		0.950233456		27.7208

		0.992585722		28.6342

		0.995075386		29.2909

		0.972425173		28.5665

		0.931983768		28.0268

		0.906391284		27.9003

		0.881046858		27.7924

		0.875192577		27.7609

		0.850056216		27.6713

		0.825220012		27.5754

		0.79993848		27.4748

		0.750104953		27.2711

		0.700179906		27.0584

		0.650296775		26.7591

		0.603993114		23.9736

		0.552447548		18.3676

		0.49840917		16.2743

		0.432515953		15.0462

		0.381702704		14.337

		0.350231934		13.9478

		0.30003276		13.3639

		0.250124786		12.805

		0.205864419		12.2997

		0.140080765		11.4877
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1120

		0.004749966		58.5652

		0.010014992		65.5505

		0.024555249		75.6092

		0.030830193		78.5874

		0.0404309		82.3812

		0.059595549		88.3719

		0.059878004		88.4913

		0.080295027		93.6434

		0.0963095		97.1483

		0.100041383		97.9402

		0.114633237		100.7739

		0.119803983		101.8158

		0.132972856		104.1569

		0.139854093		105.3406

		0.151371483		107.2524

		0.160337337		108.6568

		0.169514452		110.1025

		0.180614731		111.7516

		0.188058327		112.8352

		0.200691398		114.6714

		0.206445432		115.4909

		0.224733503		117.954

		0.243417863		120.4101

		0.250687529		121.3666

		0.261409335		122.7409

		0.279015161		124.8846

		0.29848494		127.2437

		0.300988207		127.7221

		0.317141418		129.4269

		0.334642513		131.3891

		0.350241195		133.124

		0.351759389		133.515

		0.371428655		135.4018

		0.404103385		138.585

		0.406644912		139.0979

		0.428774922		140.8798

		0.459465105		143.5497

		0.461505984		144.154

		0.483245985		145.5386

		0.514592418		147.8934

		0.516498434		148.4121

		0.537460501		149.6336

		0.566825054		151.5713

		0.570798001		152.3022

		0.591707922		153.4593

		0.617230734		155.02

		0.625720562		155.9479

		0.645842699		157.0535

		0.667336461		158.4952

		0.680942116		159.5968

		0.699443693		161.0429

		0.717224713		162.4809

		0.735524352		164.1052

		0.749662069		165.5745

		0.753387338		166.6177

		0.772809145		168.2787

		0.804247734		172.3808

		0.809165483		173.925

		0.823797457		176.1197

		0.841357988		179.6906

		0.845480211		181.1014

		0.850793642		182.4991

		0.862432067		185.4366

		0.873973584		189.1845

		0.882159914		192.0756

		0.898716567		198.6839

		0.922004472		210.9682

		0.949376728		230.0373

		0.971110147		251.3825

		0.981039315		265.7706

		0.994813564		279.8863

		0.994908877		295.4666										d		dv/dlogD

		0.97758181		290.6265										0

		0.964613618		284.1148										0		0

		0.948751902		270.1154										0		0

		0.923977306		250.2607										0		0

		0.898670989		234.5415										0		0

		0.876575512		223.4508										0		0

		0.851475126		212.3518										0		0

		0.825726799		202.1631										0		0

		0.800831213		192.996										0		0

		0.748704176		178.861										0		0

		0.701011316		170.3662										0		0

		0.652110088		164.7269										0		0

		0.602069995		160.6973										0		0

		0.551478537		157.4502										0		0

		0.500976444		154.5781										0		0

		0.453192994		149.5109										0		0

		0.400249649		141.8845										0		0

		0.346956213		135.0067										0		0

		0.30048646		129.5011										0		0

		0.25428598		123.6291										0		0

		0.200095279		116.2495										0		0

		0.145132139		107.6511										0		0





1120

		0		0.005471607		0.00555443		0.005503514

		0		0.010861428		0.010784026		0.011462263

		0		0.025769941		0.026046306		0.026763426

		0		0.034270286		0.034371145		0.034558081

		0		0.041547288		0.041585531		0.041798226

		0		0.059805541		0.05982415		0.060206891

		0		0.060158905		0.06013138		0.077910207

		0		0.078435469		0.078195871		0.080120666

		0		0.08017767		0.080158441		0.096533671

		0		0.096190133		0.096196116		0.100115119

		0		0.100184736		0.100136699		0.114900497

		0		0.114401919		0.114705229		0.120164917

		0		0.120091706		0.12008112		0.133249205

		0		0.13307079		0.132964263		0.139950277

		0		0.139863182		0.140054361		0.15135094

		0		0.151292819		0.150841265		0.160160953

		0		0.160062537		0.160098908		0.169502045

		0		0.16958166		0.169437797		0.180309434

		0		0.180224847		0.179925246		0.187885163

		0		0.187711824		0.187804077		0.200409718

		0		0.200282569		0.199771298		0.206338196

		0		0.206277998		0.206025854		0.224853487

		0		0.224551072		0.22428539		0.243039212

		0		0.242898016		0.242481164		0.250594584

		0		0.250379169		0.250072326		0.261246332

		0		0.261112053		0.260741096		0.279560893

		0		0.279299858		0.279019384		0.297850898

		0		0.297856981		0.297041608		0.300636852

		0		0.300448246		0.30010412		0.316236673

		0		0.316074837		0.315236329		0.334531873

		0		0.33440393		0.333634574		0.350723378

		0		0.350505723		0.34978786		0.352845732

		0		0.352451679		0.351941436		0.371187526

		0		0.370751851		0.370043756		0.408987226

		0		0.407717891		0.388239961		0.42603617

		0		0.425424932		0.399753015		0.444089053

		0		0.443967916		0.406371672		0.450883106

		0		0.450193941		0.424905266		0.462758961

		0		0.462566016		0.443064765		0.500421298

		0		0.480188243		0.449791321		0.501098225

		0		0.498864289		0.461498957		0.517436113

		0		0.500578185		0.479473464		0.555330972

		0		0.517718005		0.497863232		0.572588895

		0		0.553451646		0.499759775		0.590903531

		0		0.553672469		0.516191097		0.601281323

		0		0.573372096		0.53354132		0.609355597

		0		0.608169168		0.54944207		0.627653759

		0		0.608523895		0.552360481		0.645901753

		0		0.628769599		0.570908493		0.651455998

		0		0.66284702		0.588632594		0.664483386

		0		0.663555804		0.599211425		0.701654839

		0		0.683879515		0.60724156		0.720946305

		0		0.71766848		0.625372663		0.737785097

		0		0.718553634		0.643534888		0.752082779

		0		0.738727592		0.649240853		0.756054373

		0		0.768577759		0.662170242		0.774509434

		0		0.773542601		0.67989527		0.811020673

		0		0.793446575		0.698013235		0.822454403

		0		0.818168527		0.698981985		0.829745613

		0		0.821610523		0.717110957		0.84768014

		0		0.830563615		0.750792279		0.852449047

		0		0.861490461		0.753354664		0.866506742

		0		0.865118979		0.773853115		0.877097964

		0		0.880351184		0.80462531		0.884592075

		0		0.898207452		0.808032491		0.902349125

		0		0.901356304		0.821440479		0.926795801

		0		0.925699604		0.842036163		0.952096207

		0		0.957235303		0.843928537		0.977888308

		0		0.975367339		0.853218167		0.984601371

		0		0.981635336		0.877622335		0.994592491

		0		0.98961175		0.882811168		0.994479363

		0		0.994728498		0.901890982		0.974460299

		0		0.972695707		0.923619675		0.94221496

		0		0.946658523		0.950089509		0.91451007

		0		0.919167929		0.973456535		0.900818648

		0		0.90115101		0.980966564		0.873599621

		0		0.875565292		0.990445154		0.851178597

		0		0.850647152		0.994522803		0.825093962

		0		0.825452037		0.977832153		0.800479735

		0		0.800326621		0.96452972		0.750111217

		0		0.749597153		0.942454301		0.701038527

		0		0.699467961		0.925514194		0.650640639

		0		0.650965927		0.900859339		0.600470854

		0		0.601144428		0.875611009		0.550077608

		0		0.550478713		0.850582011		0.50017499

		0		0.500654365		0.825390156		0.450503843

		0		0.451249937		0.799742237		0.380868346

		0		0.399228008		0.748665977		0.330702648

		0		0.349717919		0.701040073		0.280667166

		0		0.289099481		0.65177321		0.230540882

		0		0.25049387		0.600397956		0.189289901

		0		0.180994332		0.54915297

		0		0.123310669		0.500237348

		0				0.450598764

						0.400494594

						0.350823012

						0.300817241

						0.250839872

						0.20653578

						0.13995042



a

b

c

d

As-prepared

Calcined at 500 celcius

Calcined at 380 celcius

Calcined at 600 celcius

Relative Pressure (P/P0)

Volume Adsorbed(cm3/g)

0

10.0172

10.7891

3.3148

0

10.7127

11.6816

3.6054

0

11.7283

13.0939

3.9942

0

12.1413

13.6543

4.1335

0

12.4525

14.09

4.2484

0

13.1464

15.029

4.4486

0

13.165

15.0466

4.6253

0

13.7683

15.8585

4.6698

0

13.8381

15.9677

4.8449

0

14.3601

16.6654

4.8835

0

14.4923

16.8516

4.9989

0

14.9176

17.4281

5.0604

0

15.1009

17.6547

5.1712

0

15.4818

18.1645

5.2356

0

15.7026

18.4353

5.3275

0

16.0272

18.8558

5.4055

0

16.298

19.211

5.4746

0

16.5717

19.5648

5.5634

0

16.8819

19.955

5.6316

0

17.0976

20.2439

5.7257

0

17.4542

20.665

5.779

0

17.6389

20.8849

5.9243

0

18.1363

21.4797

6.0635

0

18.658

22.1048

6.1295

0

18.8886

22.4101

6.2157

0

19.1864

22.7716

6.3364

0

19.6819

23.3454

6.4713

0

20.2146

23.9752

6.5163

0

20.3121

24.1142

6.6009

0

20.7379

24.614

6.7272

0

21.2709

25.2142

6.8481

0

21.7571

25.7752

6.9024

0

21.8672

25.8729

6.9769

0

22.3569

26.4257

7.1587

0

23.4332

27.0857

7.2897

0

24.0621

27.4919

7.4196

0

24.6895

27.7562

7.5069

0

24.9922

28.3962

7.5732

0

25.3899

29.0553

7.7855

0

26.0243

29.3678

7.8707

0

26.7202

29.7937

7.9665

0

26.9732

30.4902

8.1942

0

27.5289

31.2559

8.3739

0

28.9569

31.4082

8.5625

0

29.2249

32.0969

8.7128

0

29.974

32.9034

8.8032

0

31.5577

33.688

8.9752

0

31.971

33.9134

9.2109

0

32.7335

34.8733

9.3594

0

34.4508

35.9247

9.5244

0

34.9319

36.624

9.9895

0

35.7126

37.1688

10.3842

0

37.4713

38.3918

10.728

0

37.95

39.8236

11.0952

0

38.8256

40.3957

11.2638

0

40.6401

41.5285

11.6726

0

41.367

43.2678

12.8108

0

42.5364

45.2736

13.5034

0

44.7677

45.6162

13.9

0

45.6652

47.6993

14.9193

0

46.5763

52.7634

15.4855

0

50.5762

53.7225

16.5496

0

51.7703

57.0696

17.6344

0

54.3018

63.3831

18.6034

0

58.2335

64.7546

20.9857

0

60.2422

67.3205

26.1518

0

65.6123

71.9808

35.2017

0

76.451

73.4131

49.0176

0

86.2385

75.4877

55.1085

0

90.9263

83.5363

65.2652

0

99.3929

86.0309

67.5839

0

107.9854

94.1557

63.3514

0

106.5556

105.0931

49.007

0

92.4481

120.468

38.1528

0

80.6015

139.6046

33.1012

0

74.4948

149.2612

25.9336

0

67.4922

164.5797

21.3027

0

61.7375

176.0265

17.4733

0

56.6684

165.4654

14.9636

0

52.0211

152.1545

12.1581

0

44.6318

134.1703

10.5774

0

39.8717

123.5113

9.5704

0

37.0179

111.0985

8.806

0

34.8112

100.2882

8.1851

0

32.7746

90.5312

7.7102

0

30.5397

81.1994

7.1545

0

27.1027

72.959

6.6176

0

23.1828

61.7706

6.1753

0

21.433

54.7645

5.7496

0

19.5741

48.0079

5.2791

0

18.4013

40.7001

4.8442

0

16.29

35.2378

0

14.4711

31.7315

0

28.8539

26.7176

24.9278

23.13

21.318

19.6772

17.0477



1120a

		0.005471607		10.0172

		0.010861428		10.7127

		0.025769941		11.7283

		0.034270286		12.1413

		0.041547288		12.4525

		0.059805541		13.1464

		0.060158905		13.165

		0.078435469		13.7683

		0.08017767		13.8381

		0.096190133		14.3601

		0.100184736		14.4923

		0.114401919		14.9176

		0.120091706		15.1009

		0.13307079		15.4818

		0.139863182		15.7026

		0.151292819		16.0272

		0.160062537		16.298

		0.16958166		16.5717

		0.180224847		16.8819

		0.187711824		17.0976

		0.200282569		17.4542

		0.206277998		17.6389

		0.224551072		18.1363

		0.242898016		18.658

		0.250379169		18.8886

		0.261112053		19.1864

		0.279299858		19.6819

		0.297856981		20.2146

		0.300448246		20.3121

		0.316074837		20.7379

		0.33440393		21.2709

		0.350505723		21.7571

		0.352451679		21.8672

		0.370751851		22.3569

		0.407717891		23.4332

		0.425424932		24.0621

		0.443967916		24.6895

		0.450193941		24.9922

		0.462566016		25.3899

		0.480188243		26.0243

		0.498864289		26.7202

		0.500578185		26.9732

		0.517718005		27.5289

		0.553451646		28.9569

		0.553672469		29.2249

		0.573372096		29.974

		0.608169168		31.5577

		0.608523895		31.971

		0.628769599		32.7335

		0.66284702		34.4508

		0.663555804		34.9319

		0.683879515		35.7126

		0.71766848		37.4713

		0.718553634		37.95

		0.738727592		38.8256

		0.768577759		40.6401

		0.773542601		41.367

		0.793446575		42.5364

		0.818168527		44.7677

		0.821610523		45.6652

		0.830563615		46.5763

		0.861490461		50.5762

		0.865118979		51.7703

		0.880351184		54.3018

		0.898207452		58.2335

		0.901356304		60.2422

		0.925699604		65.6123

		0.957235303		76.451

		0.975367339		86.2385

		0.981635336		90.9263

		0.98961175		99.3929

		0.994728498		107.9854

		0.972695707		106.5556

		0.946658523		92.4481

		0.919167929		80.6015

		0.90115101		74.4948

		0.875565292		67.4922

		0.850647152		61.7375

		0.825452037		56.6684

		0.800326621		52.0211

		0.749597153		44.6318

		0.699467961		39.8717

		0.650965927		37.0179

		0.601144428		34.8112

		0.550478713		32.7746

		0.500654365		30.5397

		0.451249937		27.1027

		0.399228008		23.1828

		0.349717919		21.433

		0.289099481		19.5741

		0.25049387		18.4013

		0.180994332		16.29

		0.123310669		14.4711
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1120b

		0.00555443		10.7891

		0.010784026		11.6816

		0.026046306		13.0939

		0.034371145		13.6543

		0.041585531		14.09

		0.05982415		15.029

		0.06013138		15.0466

		0.078195871		15.8585

		0.080158441		15.9677

		0.096196116		16.6654

		0.100136699		16.8516

		0.114705229		17.4281

		0.12008112		17.6547

		0.132964263		18.1645

		0.140054361		18.4353

		0.150841265		18.8558

		0.160098908		19.211

		0.169437797		19.5648

		0.179925246		19.955

		0.187804077		20.2439

		0.199771298		20.665

		0.206025854		20.8849

		0.22428539		21.4797

		0.242481164		22.1048

		0.250072326		22.4101

		0.260741096		22.7716

		0.279019384		23.3454

		0.297041608		23.9752

		0.30010412		24.1142

		0.315236329		24.614

		0.333634574		25.2142

		0.34978786		25.7752

		0.351941436		25.8729

		0.370043756		26.4257

		0.388239961		27.0857

		0.399753015		27.4919

		0.406371672		27.7562

		0.424905266		28.3962

		0.443064765		29.0553

		0.449791321		29.3678

		0.461498957		29.7937

		0.479473464		30.4902

		0.497863232		31.2559

		0.499759775		31.4082

		0.516191097		32.0969

		0.53354132		32.9034

		0.54944207		33.688

		0.552360481		33.9134

		0.570908493		34.8733

		0.588632594		35.9247

		0.599211425		36.624

		0.60724156		37.1688

		0.625372663		38.3918

		0.643534888		39.8236

		0.649240853		40.3957

		0.662170242		41.5285

		0.67989527		43.2678

		0.698013235		45.2736

		0.698981985		45.6162

		0.717110957		47.6993

		0.750792279		52.7634

		0.753354664		53.7225

		0.773853115		57.0696

		0.80462531		63.3831

		0.808032491		64.7546

		0.821440479		67.3205

		0.842036163		71.9808

		0.843928537		73.4131

		0.853218167		75.4877

		0.877622335		83.5363

		0.882811168		86.0309

		0.901890982		94.1557

		0.923619675		105.0931

		0.950089509		120.468

		0.973456535		139.6046

		0.980966564		149.2612

		0.990445154		164.5797

		0.994522803		176.0265

		0.977832153		165.4654

		0.96452972		152.1545

		0.942454301		134.1703

		0.925514194		123.5113

		0.900859339		111.0985

		0.875611009		100.2882

		0.850582011		90.5312

		0.825390156		81.1994

		0.799742237		72.959

		0.748665977		61.7706

		0.701040073		54.7645

		0.65177321		48.0079

		0.600397956		40.7001

		0.54915297		35.2378

		0.500237348		31.7315

		0.450598764		28.8539

		0.400494594		26.7176

		0.350823012		24.9278

		0.300817241		23.13

		0.250839872		21.318

		0.20653578		19.6772

		0.13995042		17.0477
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1120c

		0.005503514		3.3148

		0.011462263		3.6054

		0.026763426		3.9942

		0.034558081		4.1335

		0.041798226		4.2484

		0.060206891		4.4486

		0.077910207		4.6253

		0.080120666		4.6698

		0.096533671		4.8449

		0.100115119		4.8835

		0.114900497		4.9989

		0.120164917		5.0604

		0.133249205		5.1712

		0.139950277		5.2356

		0.15135094		5.3275

		0.160160953		5.4055

		0.169502045		5.4746

		0.180309434		5.5634

		0.187885163		5.6316

		0.200409718		5.7257

		0.206338196		5.779

		0.224853487		5.9243

		0.243039212		6.0635

		0.250594584		6.1295

		0.261246332		6.2157

		0.279560893		6.3364

		0.297850898		6.4713

		0.300636852		6.5163

		0.316236673		6.6009

		0.334531873		6.7272

		0.350723378		6.8481

		0.352845732		6.9024

		0.371187526		6.9769

		0.408987226		7.1587

		0.42603617		7.2897

		0.444089053		7.4196

		0.450883106		7.5069

		0.462758961		7.5732

		0.500421298		7.7855

		0.501098225		7.8707

		0.517436113		7.9665

		0.555330972		8.1942

		0.572588895		8.3739

		0.590903531		8.5625

		0.601281323		8.7128

		0.609355597		8.8032

		0.627653759		8.9752

		0.645901753		9.2109

		0.651455998		9.3594

		0.664483386		9.5244

		0.701654839		9.9895

		0.720946305		10.3842

		0.737785097		10.728

		0.752082779		11.0952

		0.756054373		11.2638

		0.774509434		11.6726

		0.811020673		12.8108

		0.822454403		13.5034

		0.829745613		13.9

		0.84768014		14.9193

		0.852449047		15.4855

		0.866506742		16.5496

		0.877097964		17.6344

		0.884592075		18.6034

		0.902349125		20.9857

		0.926795801		26.1518

		0.952096207		35.2017

		0.977888308		49.0176

		0.984601371		55.1085

		0.994592491		65.2652

		0.994479363		67.5839

		0.974460299		63.3514

		0.94221496		49.007

		0.91451007		38.1528

		0.900818648		33.1012

		0.873599621		25.9336

		0.851178597		21.3027

		0.825093962		17.4733

		0.800479735		14.9636

		0.750111217		12.1581

		0.701038527		10.5774

		0.650640639		9.5704

		0.600470854		8.806

		0.550077608		8.1851

		0.50017499		7.7102

		0.450503843		7.1545

		0.380868346		6.6176

		0.330702648		6.1753

		0.280667166		5.7496

		0.230540882		5.2791

		0.189289901		4.8442
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1126

		





1126a

		0.00482984		28.8014

		0.009662544		31.0192

		0.023992526		34.1977

		0.033496145		35.535

		0.041280912		36.4683

		0.059940141		38.3481

		0.060224206		38.3986

		0.07911214		40.0417

		0.079856127		40.1236

		0.096507012		41.4641

		0.100091558		41.7532

		0.114678773		42.8638

		0.119890423		43.2643

		0.132891457		44.2308

		0.14021531		44.783

		0.151114433		45.5622

		0.160097579		46.2228

		0.1696172		46.8898

		0.180338838		47.6363

		0.187813856		48.1626

		0.200358593		49.0103

		0.206305107		49.4306

		0.224411483		50.6261

		0.243080267		51.8674

		0.250480352		52.3894

		0.261046366		53.1114

		0.279245828		54.2963

		0.297941435		55.5399

		0.300508468		55.8146

		0.316095816		56.7548

		0.334158842		57.9606

		0.350657412		59.0695

		0.352179427		59.3299

		0.371003733		60.4717

		0.406332254		62.9421

		0.407177294		63.2288

		0.427524496		64.506

		0.461056456		67.0413

		0.461985125		67.4468

		0.482694099		68.8337

		0.515471369		71.6283

		0.517150419		72.1745

		0.537802969		73.7941

		0.567406483		76.6723

		0.572152515		77.5904

		0.592418944		79.5127

		0.617109024		82.4126

		0.627145612		83.8521

		0.645729043		86.2773

		0.650401248		87.2697

		0.665020488		89.2262

		0.680441344		91.6208

		0.700112515		95.0499

		0.700219567		96.1432

		0.719865467		98.7395

		0.749332937		104.9411

		0.751443361		106.1542

		0.755329342		107.1176

		0.784865931		114.5051

		0.790031518		116.506

		0.801860291		120.324

		0.808398072		122.7246

		0.821027004		127.1117

		0.826978699		129.6037

		0.84496902		137.1642

		0.85013037		140.1247

		0.866338936		147.9713

		0.874307211		152.64

		0.882882167		157.9612

		0.898659209		168.5022

		0.922829222		188.0068

		0.949645835		216.5731

		0.977822884		272.9507

		0.984873475		294.2445

		0.991328974		322.8968

		0.995042815		351.3091

		0.981522058		342.2172

		0.97370122		325.1887

		0.952364008		275.9783

		0.923992574		229.9739

		0.903286673		206.3625

		0.877949559		184.5949

		0.85208946		166.341

		0.826058651		150.3977

		0.799783609		137.3038

		0.750600567		117.5411

		0.700052739		102.289

		0.651145877		90.8367

		0.600899159		81.322

		0.550424691		73.6832

		0.500866282		67.768

		0.451779856		62.6126

		0.402444586		58.0154

		0.334634993		53.4548

		0.283136487		50.3195

		0.234029029		47.391

		0.193354885		44.9467

		0.132024087		41.1752
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_1236182951.xls
Chart0723

		0.004883628		0.004952845		0.005480238		0.005384964

		0.009926669		0.009611898		0.010379595		0.010396547

		0.024187628		0.02398371		0.024959242		0.025023055

		0.029193165		0.031654468		0.033832599		0.033880163

		0.039792628		0.040684947		0.041397376		0.041374774

		0.059819047		0.059096449		0.059789449		0.059735146

		0.05985192		0.059872326		0.060236023		0.06015686

		0.0853255		0.078576481		0.078506676		0.078381726

		0.095982086		0.080138244		0.080099512		0.080220363

		0.099981989		0.096263893		0.096388554		0.096482936

		0.114129199		0.100021954		0.100157634		0.100193296

		0.119465896		0.114470129		0.114583714		0.114523526

		0.13240925		0.119715096		0.120347294		0.1200681

		0.139546903		0.132967659		0.132915201		0.132580849

		0.15063264		0.139769669		0.140101391		0.139870847

		0.159538113		0.150851064		0.150851852		0.151155851

		0.169279513		0.159734218		0.160054938		0.15988116

		0.180173096		0.169383944		0.169546651		0.169340937

		0.187641667		0.180025273		0.180161902		0.180074406

		0.200360616		0.187806		0.187645438		0.18759688

		0.206114247		0.200163747		0.200266465		0.200181719

		0.224629002		0.206147669		0.206247035		0.206245443

		0.243558822		0.224566754		0.224431056		0.224408735

		0.250506472		0.242911023		0.24254419		0.24248151

		0.261627101		0.2508028		0.250228444		0.25016119

		0.278955727		0.261281425		0.261055035		0.260957103

		0.298951173		0.278748468		0.279208408		0.279178772

		0.300720705		0.29838845		0.297779003		0.297648267

		0.316791305		0.300616238		0.30027551		0.300191103

		0.335465669		0.316287649		0.316049773		0.315938182

		0.349940519		0.334755633		0.334330881		0.334389798

		0.351894538		0.351367976		0.350743355		0.350893446

		0.371250303		0.351890014		0.352244803		0.352391946

		0.386986982		0.371758002		0.370956281		0.370930298

		0.400207279		0.401611973		0.406569166		0.406830439

		0.406872258		0.407034868		0.407180104		0.407361396

		0.42579813		0.425450646		0.426987716		0.427507611

		0.442801996		0.443215483		0.461111639		0.461279698

		0.450061768		0.450011903		0.46174903		0.462239962

		0.462032095		0.461969911		0.482126477		0.482198426

		0.479499976		0.479751489		0.515823527		0.516143783

		0.497782524		0.498100006		0.516769784		0.516920074

		0.499838603		0.499886764		0.53684214		0.536998953

		0.519497186		0.51897627		0.567471798		0.567929616

		0.531253399		0.546403019		0.571752759		0.571781062

		0.55084674		0.550813029		0.591717098		0.592016107

		0.552190938		0.552894862		0.617403406		0.617962539

		0.574354676		0.568883809		0.626582719		0.626905163

		0.598234931		0.585372634		0.645627037		0.645706401

		0.600001796		0.600178706		0.667612104		0.649937375

		0.615347709		0.608091072		0.681542873		0.664485553

		0.63575465		0.626297015		0.699494625		0.697604123

		0.644921157		0.643624856		0.700049577		0.700098249

		0.650154678		0.650122155		0.71919787		0.70098063

		0.663249058		0.662892197		0.750788189		0.717967098

		0.679564785		0.680101136		0.755221105		0.751374135

		0.699540005		0.698653785		0.775610009		0.755640075

		0.699166565		0.700223422		0.789066142		0.776519394

		0.723424783		0.720256503		0.800832288		0.804943709

		0.742839879		0.73085816		0.8091614		0.809398331

		0.750326233		0.75019596		0.819835507		0.82189246

		0.754216936		0.754164043		0.827021201		0.825774303

		0.76997813		0.773865541		0.843851246		0.844484953

		0.788320738		0.788203236		0.849814668		0.862498412

		0.800098892		0.800209221		0.864749735		0.864376322

		0.808725322		0.809261424		0.874134874		0.878622478

		0.819221188		0.819721792		0.88248251		0.892326099

		0.82662644		0.826408816		0.896241125		0.900553002

		0.842838998		0.840931475		0.925807658		0.91907719

		0.849414135		0.848769037		0.943613425		0.94571749

		0.864213001		0.861462619		0.970923841		0.971148634

		0.873242797		0.872999509		0.975363979		0.976284295

		0.881639074		0.880990736		0.984418229		0.984943776

		0.895441086		0.894289748		0.988578959		0.989120228

		0.923408835		0.923619883		0.972905055		0.972024036

		0.945200812		0.944151452		0.954220921		0.956534705

		0.968920444		0.969760795		0.931614144		0.927817501

		0.975858963		0.972841893		0.886456956		0.904899842

		0.983771652		0.983478265		0.874219102		0.8821017

		0.989423719		0.988314784		0.847344254		0.85116511

		0.977743745		0.974107492		0.826525885		0.819527274

		0.97219796		0.955245762		0.800849138		0.792457416

		0.954100779		0.927271267		0.75138351		0.757198625

		0.919794611		0.902467941		0.704047844		0.702449418

		0.904529362		0.881648897		0.653712425		0.652684985

		0.881198962		0.856530507		0.601742893		0.601687851

		0.854919025		0.829949375		0.550572486		0.550657846

		0.829308236		0.801439809		0.50034552		0.500591928

		0.802485487		0.746221336		0.450447184		0.450495606

		0.7509444		0.696450896		0.39999861		0.400625839

		0.702265934		0.646805816		0.350324786		0.350240046

		0.651742652		0.591031968		0.300767329		0.300809607

		0.601038503		0.55641773		0.250932891		0.250751866

		0.55063244		0.502079561		0.200848627		0.200632192

		0.500249955		0.451022164		0.141153414		0.140968127

		0.451136047		0.400947571

		0.40120347		0.350146944

		0.349234208		0.301346193

		0.303010868		0.251463076

		0.25081055		0.201774923

		0.200501863		0.141857608

		0.141149544



a

b

c

d

as-prepared

calcined at 380 celcius

calcined at 500 celcius

calcined at 600 celcius

Relative Pressure(P/P0)

Volume Adsorbed(cm3/g)

59.1684

20.4845

12.6403

10.6566

66.7101

21.7716

13.3556

11.2252

78.3687

23.7829

14.4732

12.095

81.3146

24.494

14.927

12.4561

86.6007

25.2048

15.2718

12.7204

94.6401

26.4497

15.9809

13.2957

94.6944

26.5058

16.0029

13.3151

102.9416

27.6108

16.6297

13.836

106.0388

27.7085

16.6858

13.8886

107.1746

28.6082

17.2325

14.3442

110.9291

28.8123

17.3588

14.4559

112.3425

29.5924

17.8219

14.8504

115.4806

29.8736

18.0149

15.0128

117.221

30.5797

18.4221

15.3578

119.7935

30.9491

18.6511

15.5679

121.7349

31.5322

18.9975

15.879

123.8876

32.003

19.2972

16.1255

126.2281

32.5044

19.6067

16.3931

127.8293

33.0606

19.9481

16.6974

130.4691

33.4689

20.1926

16.9137

131.6491

34.1111

20.5892

17.2638

135.3062

34.4249

20.7875

17.4387

139.0091

35.3703

21.349

17.9337

140.4106

36.3162
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		Acetic												Formic												Benzoic												Chloro

		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD

		40		0.06		0.01		0		0.02		0.03		40		0		0		0		0.00		0.00		40		0.07		0		0.07		0.05		0.04		40		0.23		0.18		0.35		0.25		0.09

		60		0.09		0.08		0.05		0.07		0.02		60		0.03		0.03		0.02		0.03		0.01		60		0.19		0.16		0.19		0.18		0.02		60		0.39		0.38		0.51		0.43		0.07

		80		0.14		0.15		0.13		0.14		0.01		80		0.04		0.05		0.04		0.04		0.01		80		0.33		0.34		0.32		0.33		0.01		80		0.53		0.56		0.64		0.58		0.06

		100		0.19		0.23		0.21		0.21		0.02		100		0.07		0.08		0.06		0.07		0.01		100		0.46		0.51		0.46		0.48		0.03		100		0.67		0.71		0.76		0.71		0.05

		120		0.26		0.3		0.3		0.29		0.02		120		0.11		0.12		0.1		0.11		0.01		120		0.59		0.66		0.58		0.61		0.04		120		0.78		0.83		0.86		0.82		0.04

		140		0.33		0.38		0.39		0.37		0.03		140		0.17		0.16		0.14		0.16		0.02		140		0.71		0.8		0.7		0.74		0.06		140		0.88		0.94		0.95		0.92		0.04

		160		0.4		0.46		0.47		0.44		0.04		160		0.22		0.21		0.19		0.21		0.02		160		0.81		0.92		0.81		0.85		0.06		160		0.98		1.02		1.01		1.00		0.02

		180		0.47		0.54		0.55		0.52		0.04		180		0.28		0.26		0.24		0.26		0.02		180		0.9		1.03		0.91		0.95		0.07		180		1.04		1.1		1.07		1.07		0.03

		200		0.54		0.62		0.62		0.59		0.05		200		0.34		0.32		0.29		0.32		0.03		200		0.98		1.09		0.99		1.02		0.06		200		1.12		1.14		1.14		1.13		0.01

		220		0.61		0.68		0.69		0.66		0.04		220		0.4		0.37		0.35		0.37		0.03		220		1.07		1.16		1.08		1.10		0.05		220		1.17		1.2		1.17		1.18		0.02

		240		0.67		0.77		0.76		0.73		0.06		240		0.46		0.43		0.4		0.43		0.03		240		1.13		1.22		1.15		1.17		0.05		240		1.2		1.24		1.21		1.22		0.02

		260		0.74		0.84		0.83		0.80		0.06		260		0.52		0.48		0.45		0.48		0.04		260		1.18		1.27		1.21		1.22		0.05		260		1.26		1.28		1.23		1.26		0.03

		280		0.81		0.9		0.89		0.87		0.05		280		0.58		0.53		0.49		0.53		0.05		280		1.23		1.31		1.26		1.27		0.04		280		1.27		1.3		1.26		1.28		0.02

		300		0.86		0.96		0.94		0.92		0.05		300		0.64		0.58		0.54		0.59		0.05		300		1.27		1.34		1.31		1.31		0.04		300		1.31		1.32		1.29		1.31		0.02

		320		0.92		1.02		1		0.98		0.05		320		0.69		0.63		0.59		0.64		0.05		320		1.32		1.35		1.34		1.34		0.02		320		1.35		1.34		1.31		1.33		0.02

		340		0.97		1.05		1.04		1.02		0.04		340		0.74		0.68		0.64		0.69		0.05		340		1.34		1.36		1.35		1.35		0.01		340		1.38		1.36		1.32		1.35		0.03

		360		1.04		1.11		1.1		1.08		0.04		360		0.79		0.73		0.68		0.73		0.06		360		1.35		1.37		1.36		1.36		0.01		360		1.38		1.37		1.33		1.36		0.03

		380		1.07		1.14		1.13		1.11		0.04		380		0.84		0.78		0.72		0.78		0.06		380		1.36		1.38		1.37		1.37		0.01		380		1.39		1.38		1.35		1.37		0.02

		400		1.11		1.19		1.16		1.15		0.04		400		0.88		0.81		0.76		0.82		0.06		400		1.37		1.39		1.38		1.38		0.01		400		1.39		1.39		1.36		1.38		0.02

		420		1.15		1.21		1.2		1.19		0.03		420		0.93		0.86		0.8		0.86		0.07		420		1.38		1.4		1.39		1.39		0.01		420		1.41		1.4		1.37		1.39		0.02

		440		1.19		1.24		1.22		1.22		0.03		440		0.97		0.9		0.83		0.90		0.07		440		1.39		1.41		1.4		1.40		0.01		440		1.43		1.41		1.39		1.41		0.02

		460		1.21		1.26		1.25		1.24		0.03		460		1.01		0.94		0.87		0.94		0.07		460		1.39		1.42		1.41		1.41		0.02		460		1.44		1.42		1.4		1.42		0.02

		480		1.25		1.29		1.27		1.27		0.02		480		1.05		0.97		0.91		0.98		0.07		480		1.39		1.43		1.42		1.41		0.02		480		1.45		1.43		1.41		1.43		0.02

		500		1.27		1.31		1.29		1.29		0.02		500		1.09		1		0.94		1.01		0.08		500		1.39		1.44		1.42		1.42		0.03		500		1.45		1.44		1.42		1.44		0.02

		520		1.29		1.33		1.3		1.31		0.02		520		1.11		1.04		0.96		1.04		0.08		520		1.39		1.45		1.43		1.42		0.03		520		1.45		1.45		1.43		1.44		0.01

		540		1.34		1.34		1.32		1.33		0.01		540		1.13		1.07		0.99		1.06		0.07		540		1.39		1.46		1.44		1.43		0.04		540		1.45		1.46		1.44		1.45		0.01

		560		1.35		1.35		1.33		1.34		0.01		560		1.16		1.1		1.02		1.09		0.07		560		1.39		1.47		1.44		1.43		0.04		560		1.45		1.47		1.45		1.46		0.01

		580		1.35		1.36		1.35		1.35		0.01		580		1.19		1.15		1.04		1.13		0.08		580		1.39		1.48		1.45		1.44		0.05		580		1.45		1.48		1.45		1.46		0.02

		600		1.35		1.37		1.36		1.36		0.01		600		1.22		1.19		1.06		1.16		0.09		600		1.39		1.49		1.46		1.45		0.05		600		1.45		1.49		1.46		1.47		0.02
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Chart1

		40		40		40		40		0.0321455025		0.0321455025		0		0		0.0404145188		0.0404145188		0.0873689495		0.0873689495

		60		60		60		60		0.02081666		0.02081666		0.0057735027		0.0057735027		0.0173205081		0.0173205081		0.0723417814		0.0723417814

		80		80		80		80		0.01		0.01		0.0057735027		0.0057735027		0.01		0.01		0.056862407		0.056862407

		100		100		100		100		0.02		0.02		0.01		0.01		0.0288675135		0.0288675135		0.0450924975		0.0450924975

		120		120		120		120		0.0230940108		0.0230940108		0.01		0.01		0.0435889894		0.0435889894		0.0404145188		0.0404145188

		140		140		140		140		0.0321455025		0.0321455025		0.0152752523		0.0152752523		0.0550757055		0.0550757055		0.037859389		0.037859389

		160		160		160		160		0.037859389		0.037859389		0.0152752523		0.0152752523		0.0635085296		0.0635085296		0.02081666		0.02081666

		180		180		180		180		0.0435889894		0.0435889894		0.02		0.02		0.0723417814		0.0723417814		0.03		0.03

		200		200		200		200		0.0461880215		0.0461880215		0.0251661148		0.0251661148		0.0608276253		0.0608276253		0.0115470054		0.0115470054

		220		220		220		220		0.0435889894		0.0435889894		0.0251661148		0.0251661148		0.0493288286		0.0493288286		0.0173205081		0.0173205081

		240		240		240		240		0.0550757055		0.0550757055		0.03		0.03		0.0472581563		0.0472581563		0.02081666		0.02081666

		260		260		260		260		0.0550757055		0.0550757055		0.0351188458		0.0351188458		0.0458257569		0.0458257569		0.0251661148		0.0251661148

		280		280		280		280		0.0493288286		0.0493288286		0.0450924975		0.0450924975		0.0404145188		0.0404145188		0.02081666		0.02081666

		300		300		300		300		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0351188458		0.0351188458		0.0152752523		0.0152752523

		320		320		320		320		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0152752523		0.0152752523		0.02081666		0.02081666

		340		340		340		340		0.0435889894		0.0435889894		0.0503322296		0.0503322296		0.01		0.01		0.0305505046		0.0305505046

		360		360		360		360		0.037859389		0.037859389		0.0550757055		0.0550757055		0.01		0.01		0.0264575131		0.0264575131

		380		380		380		380		0.037859389		0.037859389		0.06		0.06		0.01		0.01		0.02081666		0.02081666

		400		400		400		400		0.0404145188		0.0404145188		0.0602771377		0.0602771377		0.01		0.01		0.0173205081		0.0173205081

		420		420		420		420		0.0321455025		0.0321455025		0.065064071		0.065064071		0.01		0.01		0.02081666		0.02081666

		440		440		440		440		0.0251661148		0.0251661148		0.07		0.07		0.01		0.01		0.02		0.02

		460		460		460		460		0.0264575131		0.0264575131		0.07		0.07		0.0152752523		0.0152752523		0.02		0.02

		480		480		480		480		0.02		0.02		0.0702376917		0.0702376917		0.02081666		0.02081666		0.02		0.02

		500		500		500		500		0.02		0.02		0.0754983444		0.0754983444		0.0251661148		0.0251661148		0.0152752523		0.0152752523

		520		520		520		520		0.02081666		0.02081666		0.075055535		0.075055535		0.0305505046		0.0305505046		0.0115470054		0.0115470054

		540		540		540		540		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0360555128		0.0360555128		0.01		0.01

		560		560		560		560		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0404145188		0.0404145188		0.0115470054		0.0115470054

		580		580		580		580		0.0057735027		0.0057735027		0.0776745347		0.0776745347		0.0458257569		0.0458257569		0.0173205081		0.0173205081

		600		600		600		600		0.01		0.01		0.0850490055		0.0850490055		0.0513160144		0.0513160144		0.02081666		0.02081666
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Chart2

		20		20		20		0.0141421356		0.0141421356		0.0346410162		0.0346410162		0.0519615242		0.0519615242

		40		40		40		0.0424264069		0.0424264069		0.0288675135		0.0288675135		0.0472581563		0.0472581563

		60		60		60		0.0424264069		0.0424264069		0.037859389		0.037859389		0.0472581563		0.0472581563

		80		80		80		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0450924975		0.0450924975

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0503322296		0.0503322296

		120		120		120		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0458257569		0.0458257569

		140		140		140		0.0424264069		0.0424264069		0.037859389		0.037859389		0.04163332		0.04163332

		160		160		160		0.0494974747		0.0494974747		0.0435889894		0.0435889894		0.0346410162		0.0346410162

		180		180		180		0.0494974747		0.0494974747		0.037859389		0.037859389		0.04163332		0.04163332

		200		200		200		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0458257569		0.0458257569

		220		220		220		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.05		0.05

		240		240		240		0.0494974747		0.0494974747		0.04		0.04		0.05		0.05

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0503322296		0.0503322296

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.05		0.05

		300		300		300		0.0353553391		0.0353553391		0.03		0.03		0.05		0.05

		320		320		320		0.0424264069		0.0424264069		0.02081666		0.02081666		0.05		0.05

		340		340		340		0.0353553391		0.0353553391		0.02081666		0.02081666		0.05		0.05

		360		360		360		0.0282842712		0.0282842712		0.02081666		0.02081666		0.05		0.05
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Chart3

		20		20		20		0.0141421356		0.0141421356		0.01		0.01		0.0346410162		0.0346410162

		40		40		40		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		60		60		60		0.0424264069		0.0424264069		0.05		0.05		0.04163332		0.04163332

		80		80		80		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.02		0.02

		100		100		100		0.0353553391		0.0353553391		0.0503322296		0.0503322296		0.0152752523		0.0152752523

		120		120		120		0.0353553391		0.0353553391		0.056862407		0.056862407		0.0152752523		0.0152752523

		140		140		140		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0230940108		0.0230940108

		160		160		160		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0251661148		0.0251661148

		180		180		180		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0351188458		0.0351188458

		200		200		200		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04		0.04

		220		220		220		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04163332		0.04163332

		240		240		240		0.0494974747		0.0494974747		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		300		300		300		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0305505046		0.0305505046

		320		320		320		0.0424264069		0.0424264069		0.0360555128		0.0360555128		0.0351188458		0.0351188458

		340		340		340		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0351188458		0.0351188458

		360		360		360		0.0282842712		0.0282842712		0.0251661148		0.0251661148		0.0351188458		0.0351188458
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Chart4

		20		20		20		0.0141421356		0.0141421356		0.0435889894		0.0435889894		0.0353553391		0.0353553391

		40		40		40		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0282842712		0.0282842712

		60		60		60		0.0424264069		0.0424264069		0.0461880215		0.0461880215		0.0353553391		0.0353553391

		80		80		80		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0424264069		0.0424264069

		120		120		120		0.0353553391		0.0353553391		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		140		140		140		0.0424264069		0.0424264069		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		160		160		160		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		180		180		180		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		200		200		200		0.0494974747		0.0494974747		0.0472581563		0.0472581563		0.0353553391		0.0353553391

		220		220		220		0.0494974747		0.0494974747		0.037859389		0.037859389		0.0353553391		0.0353553391

		240		240		240		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		260		260		260		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		280		280		280		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		300		300		300		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0353553391		0.0353553391

		320		320		320		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		340		340		340		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		360		360		360		0.0282842712		0.0282842712		0.0321455025		0.0321455025		0.0353553391		0.0353553391
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		2TEOS+2HAC		1		2		3		Average		STD		2TEOS+2HAC+0.316H2O		1		2		3		Average		STD		2TEOS+4HAC		1		2		3		Average		STD		40C		1		2		3		Ave		STD		60C		1		2		3		Ave		STD		2000psi		1		2		3		Ave		STD		1300psi		1		2		3		Ave		STD

		20		0.16		0.18		0.21		0.18		0.01				0.85		0.94		0.94		0.91		0.05				0.27		0.33		0.33		0.31		0.03				0.02		0.01		0		0.01		0.01				0.34		0.34		0.4		0.36		0.03				0.31		0.32		0.39		0.34		0.04				0.72		0.75		0.7		0.72		0.04

		40		0.26		0.32		0.33		0.30		0.04				0.94		1.01		1.03		0.99		0.05				0.46		0.51		0.51		0.49		0.03				0.08		0.05		0.01		0.05		0.04				0.56		0.57		0.61		0.58		0.03				0.45		0.54		0.52		0.50		0.05				0.89		0.91		0.87		0.89		0.03

		60		0.37		0.43		0.44		0.41		0.04				0.99		1.06		1.08		1.04		0.05				0.62		0.69		0.68		0.66		0.04				0.17		0.12		0.07		0.12		0.05				0.72		0.74		0.8		0.75		0.04				0.6		0.68		0.68		0.65		0.05				0.98		1		0.95		0.98		0.04

		80		0.48		0.53		0.54		0.52		0.04				1.04		1.08		1.13		1.08		0.05				0.76		0.84		0.84		0.81		0.05				0.2		0.2		0.13		0.18		0.04				0.87		0.89		0.91		0.89		0.02				0.71		0.8		0.8		0.77		0.05				1.04		1.06		1.02		1.04		0.03

		100		0.59		0.64		0.64		0.62		0.04				1.06		1.1		1.16		1.11		0.05				0.88		0.96		0.96		0.93		0.05				0.29		0.25		0.19		0.24		0.05				0.98		1.01		1		1.00		0.02				0.82		0.9		0.9		0.87		0.05				1.06		1.09		1.03		1.06		0.04

		120		0.67		0.72		0.73		0.71		0.04				1.1		1.13		1.19		1.14		0.05				0.95		1.04		1.04		1.01		0.05				0.36		0.33		0.25		0.31		0.06				1.08		1.09		1.06		1.08		0.02				0.9		0.98		0.99		0.96		0.05				1.08		1.1		1.05		1.08		0.04

		140		0.75		0.81		0.81		0.79		0.04				1.14		1.16		1.22		1.17		0.04				1.05		1.12		1.11		1.09		0.04				0.43		0.41		0.34		0.39		0.05				1.12		1.16		1.12		1.13		0.02				0.95		1.04		1.04		1.01		0.05				1.1		1.1		1.06		1.09		0.03

		160		0.82		0.89		0.88		0.86		0.05				1.18		1.18		1.24		1.20		0.03				1.09		1.16		1.17		1.14		0.04				0.5		0.46		0.4		0.45		0.05				1.18		1.2		1.15		1.18		0.03				1.01		1.09		1.09		1.06		0.05				1.12		1.11		1.07		1.10		0.03

		180		0.88		0.95		0.95		0.93		0.05				1.21		1.19		1.27		1.22		0.04				1.13		1.19		1.2		1.17		0.04				0.57		0.53		0.47		0.52		0.05				1.21		1.25		1.18		1.21		0.04				1.06		1.14		1.14		1.11		0.05				1.12		1.12		1.08		1.11		0.03

		200		0.94		1.01		1		0.98		0.05				1.23		1.2		1.29		1.24		0.05				1.15		1.22		1.22		1.20		0.04				0.63		0.59		0.54		0.59		0.05				1.24		1.28		1.2		1.24		0.04				1.09		1.18		1.16		1.14		0.05				1.12		1.13		1.08		1.11		0.04

		220		0.98		1.05		1.03		1.02		0.05				1.26		1.21		1.31		1.26		0.05				1.17		1.25		1.22		1.21		0.04				0.69		0.64		0.6		0.64		0.05				1.24		1.3		1.22		1.25		0.04				1.12		1.19		1.18		1.16		0.04				1.12		1.13		1.08		1.11		0.04

		240		1.02		1.09		1.06		1.06		0.05				1.28		1.23		1.33		1.28		0.05				1.19		1.27		1.23		1.23		0.04				0.73		0.7		0.66		0.70		0.04				1.25		1.3		1.24		1.26		0.03				1.14		1.21		1.21		1.19		0.04				1.12		1.13		1.08		1.11		0.04

		260		1.05		1.11		1.1		1.09		0.04				1.3		1.24		1.34		1.29		0.05				1.2		1.27		1.24		1.24		0.04				0.78		0.75		0.71		0.75		0.04				1.26		1.31		1.25		1.27		0.03				1.16		1.24		1.25		1.22		0.05				1.12		1.13		1.08		1.11		0.04

		280		1.08		1.14		1.13		1.12		0.04				1.3		1.25		1.35		1.30		0.05				1.21		1.28		1.24		1.24		0.04				0.83		0.8		0.76		0.80		0.04				1.27		1.31		1.26		1.28		0.03				1.18		1.26		1.27		1.24		0.05				1.12		1.13		1.08		1.11		0.04

		300		1.12		1.17		1.15		1.15		0.04				1.3		1.25		1.35		1.30		0.05				1.22		1.28		1.25		1.25		0.03				0.88		0.85		0.81		0.85		0.04				1.28		1.32		1.26		1.29		0.03				1.2		1.29		1.29		1.26		0.05				1.12		1.13		1.08		1.11		0.04

		320		1.14		1.2		1.16		1.17		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.92		0.9		0.85		0.89		0.04				1.3		1.33		1.26		1.30		0.04				1.23		1.32		1.31		1.29		0.05				1.12		1.13		1.08		1.11		0.04

		340		1.17		1.22		1.18		1.19		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.97		0.94		0.9		0.94		0.04				1.3		1.33		1.26		1.30		0.04				1.25		1.32		1.32		1.30		0.04				1.12		1.13		1.08		1.11		0.04

		360		1.18		1.22		1.18		1.19		0.03				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.98		0.96		0.93		0.96		0.03				1.3		1.33		1.26		1.30		0.04				1.27		1.32		1.33		1.31		0.03				1.12		1.13		1.08		1.11		0.04
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Chart6

		40		40		40		40		0.0321455025		0.0321455025		0		0		0.0404145188		0.0404145188		0.0873689495		0.0873689495

		60		60		60		60		0.02081666		0.02081666		0.0057735027		0.0057735027		0.0173205081		0.0173205081		0.0723417814		0.0723417814

		80		80		80		80		0.01		0.01		0.0057735027		0.0057735027		0.01		0.01		0.056862407		0.056862407

		100		100		100		100		0.02		0.02		0.01		0.01		0.0288675135		0.0288675135		0.0450924975		0.0450924975

		120		120		120		120		0.0230940108		0.0230940108		0.01		0.01		0.0435889894		0.0435889894		0.0404145188		0.0404145188

		140		140		140		140		0.0321455025		0.0321455025		0.0152752523		0.0152752523		0.0550757055		0.0550757055		0.037859389		0.037859389

		160		160		160		160		0.037859389		0.037859389		0.0152752523		0.0152752523		0.0635085296		0.0635085296		0.02081666		0.02081666

		180		180		180		180		0.0435889894		0.0435889894		0.02		0.02		0.0723417814		0.0723417814		0.03		0.03

		200		200		200		200		0.0461880215		0.0461880215		0.0251661148		0.0251661148		0.0608276253		0.0608276253		0.0115470054		0.0115470054

		220		220		220		220		0.0435889894		0.0435889894		0.0251661148		0.0251661148		0.0493288286		0.0493288286		0.0173205081		0.0173205081

		240		240		240		240		0.0550757055		0.0550757055		0.03		0.03		0.0472581563		0.0472581563		0.02081666		0.02081666

		260		260		260		260		0.0550757055		0.0550757055		0.0351188458		0.0351188458		0.0458257569		0.0458257569		0.0251661148		0.0251661148

		280		280		280		280		0.0493288286		0.0493288286		0.0450924975		0.0450924975		0.0404145188		0.0404145188		0.02081666		0.02081666

		300		300		300		300		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0351188458		0.0351188458		0.0152752523		0.0152752523

		320		320		320		320		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0152752523		0.0152752523		0.02081666		0.02081666

		340		340		340		340		0.0435889894		0.0435889894		0.0503322296		0.0503322296		0.01		0.01		0.0305505046		0.0305505046

		360		360		360		360		0.037859389		0.037859389		0.0550757055		0.0550757055		0.01		0.01		0.0264575131		0.0264575131

		380		380		380		380		0.037859389		0.037859389		0.06		0.06		0.01		0.01		0.02081666		0.02081666

		400		400		400		400		0.0404145188		0.0404145188		0.0602771377		0.0602771377		0.01		0.01		0.0173205081		0.0173205081

		420		420		420		420		0.0321455025		0.0321455025		0.065064071		0.065064071		0.01		0.01		0.02081666		0.02081666

		440		440		440		440		0.0251661148		0.0251661148		0.07		0.07		0.01		0.01		0.02		0.02

		460		460		460		460		0.0264575131		0.0264575131		0.07		0.07		0.0152752523		0.0152752523		0.02		0.02

		480		480		480		480		0.02		0.02		0.0702376917		0.0702376917		0.02081666		0.02081666		0.02		0.02

		500		500		500		500		0.02		0.02		0.0754983444		0.0754983444		0.0251661148		0.0251661148		0.0152752523		0.0152752523

		520		520		520		520		0.02081666		0.02081666		0.075055535		0.075055535		0.0305505046		0.0305505046		0.0115470054		0.0115470054

		540		540		540		540		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0360555128		0.0360555128		0.01		0.01

		560		560		560		560		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0404145188		0.0404145188		0.0115470054		0.0115470054

		580		580		580		580		0.0057735027		0.0057735027		0.0776745347		0.0776745347		0.0458257569		0.0458257569		0.0173205081		0.0173205081

		600		600		600		600		0.01		0.01		0.0850490055		0.0850490055		0.0513160144		0.0513160144		0.02081666		0.02081666
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Sheet1

		Acetic												Formic												Benzoic												Chloro

		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD		t		1		2		3		Average		STD

		40		0.06		0.01		0		0.02		0.03		40		0		0		0		0.00		0.00		40		0.07		0		0.07		0.05		0.04		40		0.23		0.18		0.35		0.25		0.09

		60		0.09		0.08		0.05		0.07		0.02		60		0.03		0.03		0.02		0.03		0.01		60		0.19		0.16		0.19		0.18		0.02		60		0.39		0.38		0.51		0.43		0.07

		80		0.14		0.15		0.13		0.14		0.01		80		0.04		0.05		0.04		0.04		0.01		80		0.33		0.34		0.32		0.33		0.01		80		0.53		0.56		0.64		0.58		0.06

		100		0.19		0.23		0.21		0.21		0.02		100		0.07		0.08		0.06		0.07		0.01		100		0.46		0.51		0.46		0.48		0.03		100		0.67		0.71		0.76		0.71		0.05

		120		0.26		0.3		0.3		0.29		0.02		120		0.11		0.12		0.1		0.11		0.01		120		0.59		0.66		0.58		0.61		0.04		120		0.78		0.83		0.86		0.82		0.04

		140		0.33		0.38		0.39		0.37		0.03		140		0.17		0.16		0.14		0.16		0.02		140		0.71		0.8		0.7		0.74		0.06		140		0.88		0.94		0.95		0.92		0.04

		160		0.4		0.46		0.47		0.44		0.04		160		0.22		0.21		0.19		0.21		0.02		160		0.81		0.92		0.81		0.85		0.06		160		0.98		1.02		1.01		1.00		0.02

		180		0.47		0.54		0.55		0.52		0.04		180		0.28		0.26		0.24		0.26		0.02		180		0.9		1.03		0.91		0.95		0.07		180		1.04		1.1		1.07		1.07		0.03

		200		0.54		0.62		0.62		0.59		0.05		200		0.34		0.32		0.29		0.32		0.03		200		0.98		1.09		0.99		1.02		0.06		200		1.12		1.14		1.14		1.13		0.01

		220		0.61		0.68		0.69		0.66		0.04		220		0.4		0.37		0.35		0.37		0.03		220		1.07		1.16		1.08		1.10		0.05		220		1.17		1.2		1.17		1.18		0.02

		240		0.67		0.77		0.76		0.73		0.06		240		0.46		0.43		0.4		0.43		0.03		240		1.13		1.22		1.15		1.17		0.05		240		1.2		1.24		1.21		1.22		0.02

		260		0.74		0.84		0.83		0.80		0.06		260		0.52		0.48		0.45		0.48		0.04		260		1.18		1.27		1.21		1.22		0.05		260		1.26		1.28		1.23		1.26		0.03

		280		0.81		0.9		0.89		0.87		0.05		280		0.58		0.53		0.49		0.53		0.05		280		1.23		1.31		1.26		1.27		0.04		280		1.27		1.3		1.26		1.28		0.02

		300		0.86		0.96		0.94		0.92		0.05		300		0.64		0.58		0.54		0.59		0.05		300		1.27		1.34		1.31		1.31		0.04		300		1.31		1.32		1.29		1.31		0.02

		320		0.92		1.02		1		0.98		0.05		320		0.69		0.63		0.59		0.64		0.05		320		1.32		1.35		1.34		1.34		0.02		320		1.35		1.34		1.31		1.33		0.02

		340		0.97		1.05		1.04		1.02		0.04		340		0.74		0.68		0.64		0.69		0.05		340		1.34		1.36		1.35		1.35		0.01		340		1.38		1.36		1.32		1.35		0.03

		360		1.04		1.11		1.1		1.08		0.04		360		0.79		0.73		0.68		0.73		0.06		360		1.35		1.37		1.36		1.36		0.01		360		1.38		1.37		1.33		1.36		0.03

		380		1.07		1.14		1.13		1.11		0.04		380		0.84		0.78		0.72		0.78		0.06		380		1.36		1.38		1.37		1.37		0.01		380		1.39		1.38		1.35		1.37		0.02

		400		1.11		1.19		1.16		1.15		0.04		400		0.88		0.81		0.76		0.82		0.06		400		1.37		1.39		1.38		1.38		0.01		400		1.39		1.39		1.36		1.38		0.02

		420		1.15		1.21		1.2		1.19		0.03		420		0.93		0.86		0.8		0.86		0.07		420		1.38		1.4		1.39		1.39		0.01		420		1.41		1.4		1.37		1.39		0.02

		440		1.19		1.24		1.22		1.22		0.03		440		0.97		0.9		0.83		0.90		0.07		440		1.39		1.41		1.4		1.40		0.01		440		1.43		1.41		1.39		1.41		0.02

		460		1.21		1.26		1.25		1.24		0.03		460		1.01		0.94		0.87		0.94		0.07		460		1.39		1.42		1.41		1.41		0.02		460		1.44		1.42		1.4		1.42		0.02

		480		1.25		1.29		1.27		1.27		0.02		480		1.05		0.97		0.91		0.98		0.07		480		1.39		1.43		1.42		1.41		0.02		480		1.45		1.43		1.41		1.43		0.02

		500		1.27		1.31		1.29		1.29		0.02		500		1.09		1		0.94		1.01		0.08		500		1.39		1.44		1.42		1.42		0.03		500		1.45		1.44		1.42		1.44		0.02

		520		1.29		1.33		1.3		1.31		0.02		520		1.11		1.04		0.96		1.04		0.08		520		1.39		1.45		1.43		1.42		0.03		520		1.45		1.45		1.43		1.44		0.01

		540		1.34		1.34		1.32		1.33		0.01		540		1.13		1.07		0.99		1.06		0.07		540		1.39		1.46		1.44		1.43		0.04		540		1.45		1.46		1.44		1.45		0.01

		560		1.35		1.35		1.33		1.34		0.01		560		1.16		1.1		1.02		1.09		0.07		560		1.39		1.47		1.44		1.43		0.04		560		1.45		1.47		1.45		1.46		0.01

		580		1.35		1.36		1.35		1.35		0.01		580		1.19		1.15		1.04		1.13		0.08		580		1.39		1.48		1.45		1.44		0.05		580		1.45		1.48		1.45		1.46		0.02

		600		1.35		1.37		1.36		1.36		0.01		600		1.22		1.19		1.06		1.16		0.09		600		1.39		1.49		1.46		1.45		0.05		600		1.45		1.49		1.46		1.47		0.02
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Chart1

		40		40		40		40		0.0321455025		0.0321455025		0		0		0.0404145188		0.0404145188		0.0873689495		0.0873689495

		60		60		60		60		0.02081666		0.02081666		0.0057735027		0.0057735027		0.0173205081		0.0173205081		0.0723417814		0.0723417814

		80		80		80		80		0.01		0.01		0.0057735027		0.0057735027		0.01		0.01		0.056862407		0.056862407

		100		100		100		100		0.02		0.02		0.01		0.01		0.0288675135		0.0288675135		0.0450924975		0.0450924975

		120		120		120		120		0.0230940108		0.0230940108		0.01		0.01		0.0435889894		0.0435889894		0.0404145188		0.0404145188

		140		140		140		140		0.0321455025		0.0321455025		0.0152752523		0.0152752523		0.0550757055		0.0550757055		0.037859389		0.037859389

		160		160		160		160		0.037859389		0.037859389		0.0152752523		0.0152752523		0.0635085296		0.0635085296		0.02081666		0.02081666

		180		180		180		180		0.0435889894		0.0435889894		0.02		0.02		0.0723417814		0.0723417814		0.03		0.03

		200		200		200		200		0.0461880215		0.0461880215		0.0251661148		0.0251661148		0.0608276253		0.0608276253		0.0115470054		0.0115470054

		220		220		220		220		0.0435889894		0.0435889894		0.0251661148		0.0251661148		0.0493288286		0.0493288286		0.0173205081		0.0173205081

		240		240		240		240		0.0550757055		0.0550757055		0.03		0.03		0.0472581563		0.0472581563		0.02081666		0.02081666

		260		260		260		260		0.0550757055		0.0550757055		0.0351188458		0.0351188458		0.0458257569		0.0458257569		0.0251661148		0.0251661148

		280		280		280		280		0.0493288286		0.0493288286		0.0450924975		0.0450924975		0.0404145188		0.0404145188		0.02081666		0.02081666

		300		300		300		300		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0351188458		0.0351188458		0.0152752523		0.0152752523

		320		320		320		320		0.0529150262		0.0529150262		0.0503322296		0.0503322296		0.0152752523		0.0152752523		0.02081666		0.02081666

		340		340		340		340		0.0435889894		0.0435889894		0.0503322296		0.0503322296		0.01		0.01		0.0305505046		0.0305505046

		360		360		360		360		0.037859389		0.037859389		0.0550757055		0.0550757055		0.01		0.01		0.0264575131		0.0264575131

		380		380		380		380		0.037859389		0.037859389		0.06		0.06		0.01		0.01		0.02081666		0.02081666

		400		400		400		400		0.0404145188		0.0404145188		0.0602771377		0.0602771377		0.01		0.01		0.0173205081		0.0173205081

		420		420		420		420		0.0321455025		0.0321455025		0.065064071		0.065064071		0.01		0.01		0.02081666		0.02081666

		440		440		440		440		0.0251661148		0.0251661148		0.07		0.07		0.01		0.01		0.02		0.02

		460		460		460		460		0.0264575131		0.0264575131		0.07		0.07		0.0152752523		0.0152752523		0.02		0.02

		480		480		480		480		0.02		0.02		0.0702376917		0.0702376917		0.02081666		0.02081666		0.02		0.02

		500		500		500		500		0.02		0.02		0.0754983444		0.0754983444		0.0251661148		0.0251661148		0.0152752523		0.0152752523

		520		520		520		520		0.02081666		0.02081666		0.075055535		0.075055535		0.0305505046		0.0305505046		0.0115470054		0.0115470054

		540		540		540		540		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0360555128		0.0360555128		0.01		0.01

		560		560		560		560		0.0115470054		0.0115470054		0.0702376917		0.0702376917		0.0404145188		0.0404145188		0.0115470054		0.0115470054

		580		580		580		580		0.0057735027		0.0057735027		0.0776745347		0.0776745347		0.0458257569		0.0458257569		0.0173205081		0.0173205081

		600		600		600		600		0.01		0.01		0.0850490055		0.0850490055		0.0513160144		0.0513160144		0.02081666		0.02081666
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0.2533333333

0.0733333333

0.0266666667

0.18

0.4266666667

0.14

0.0433333333

0.33

0.5766666667

0.21

0.07

0.4766666667

0.7133333333

0.2866666667

0.11

0.61

0.8233333333

0.3666666667

0.1566666667

0.7366666667

0.9233333333

0.4433333333

0.2066666667

0.8466666667

1.0033333333

0.52

0.26

0.9466666667

1.07

0.5933333333

0.3166666667

1.02

1.1333333333

0.66

0.3733333333

1.1033333333

1.18

0.7333333333

0.43

1.1666666667

1.2166666667

0.8033333333

0.4833333333

1.22

1.2566666667

0.8666666667

0.5333333333

1.2666666667

1.2766666667

0.92

0.5866666667

1.3066666667

1.3066666667

0.98

0.6366666667

1.3366666667

1.3333333333

1.02

0.6866666667

1.35

1.3533333333

1.0833333333

0.7333333333

1.36

1.36

1.1133333333

0.78

1.37

1.3733333333

1.1533333333

0.8166666667

1.38

1.38

1.1866666667

0.8633333333

1.39

1.3933333333

1.2166666667

0.9

1.4

1.41

1.24

0.94

1.4066666667

1.42

1.27

0.9766666667

1.4133333333

1.43

1.29

1.01

1.4166666667

1.4366666667

1.3066666667

1.0366666667

1.4233333333

1.4433333333

1.3333333333

1.0633333333

1.43

1.45

1.3433333333

1.0933333333

1.4333333333

1.4566666667

1.3533333333

1.1266666667

1.44

1.46

1.36

1.1566666667

1.4466666667

1.4666666667



Chart2

		20		20		20		0.0141421356		0.0141421356		0.0346410162		0.0346410162		0.0519615242		0.0519615242

		40		40		40		0.0424264069		0.0424264069		0.0288675135		0.0288675135		0.0472581563		0.0472581563

		60		60		60		0.0424264069		0.0424264069		0.037859389		0.037859389		0.0472581563		0.0472581563

		80		80		80		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0450924975		0.0450924975

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0503322296		0.0503322296

		120		120		120		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0458257569		0.0458257569

		140		140		140		0.0424264069		0.0424264069		0.037859389		0.037859389		0.04163332		0.04163332

		160		160		160		0.0494974747		0.0494974747		0.0435889894		0.0435889894		0.0346410162		0.0346410162

		180		180		180		0.0494974747		0.0494974747		0.037859389		0.037859389		0.04163332		0.04163332

		200		200		200		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0458257569		0.0458257569

		220		220		220		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.05		0.05

		240		240		240		0.0494974747		0.0494974747		0.04		0.04		0.05		0.05

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0503322296		0.0503322296

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.05		0.05

		300		300		300		0.0353553391		0.0353553391		0.03		0.03		0.05		0.05

		320		320		320		0.0424264069		0.0424264069		0.02081666		0.02081666		0.05		0.05

		340		340		340		0.0353553391		0.0353553391		0.02081666		0.02081666		0.05		0.05

		360		360		360		0.0282842712		0.0282842712		0.02081666		0.02081666		0.05		0.05



Time (min.)

Abs at 1066cm-1

0.1833333333

0.91

0.31

0.3033333333

0.9933333333

0.4933333333

0.4133333333

1.0433333333

0.6633333333

0.5166666667

1.0833333333

0.8133333333

0.6233333333

1.1066666667

0.9333333333

0.7066666667

1.14

1.01

0.79

1.1733333333

1.0933333333

0.8633333333

1.2

1.14

0.9266666667

1.2233333333

1.1733333333

0.9833333333

1.24

1.1966666667

1.02

1.26

1.2133333333

1.0566666667

1.28

1.23

1.0866666667

1.2933333333

1.2366666667

1.1166666667

1.3

1.2433333333

1.1466666667

1.3

1.25

1.1666666667

1.3

1.2566666667

1.19

1.3

1.2566666667

1.1933333333

1.3

1.2566666667



Chart3

		20		20		20		0.0141421356		0.0141421356		0.01		0.01		0.0346410162		0.0346410162

		40		40		40		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		60		60		60		0.0424264069		0.0424264069		0.05		0.05		0.04163332		0.04163332

		80		80		80		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.02		0.02

		100		100		100		0.0353553391		0.0353553391		0.0503322296		0.0503322296		0.0152752523		0.0152752523

		120		120		120		0.0353553391		0.0353553391		0.056862407		0.056862407		0.0152752523		0.0152752523

		140		140		140		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0230940108		0.0230940108

		160		160		160		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0251661148		0.0251661148

		180		180		180		0.0494974747		0.0494974747		0.0503322296		0.0503322296		0.0351188458		0.0351188458

		200		200		200		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04		0.04

		220		220		220		0.0494974747		0.0494974747		0.0450924975		0.0450924975		0.04163332		0.04163332

		240		240		240		0.0494974747		0.0494974747		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		260		260		260		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0321455025		0.0321455025

		280		280		280		0.0424264069		0.0424264069		0.0351188458		0.0351188458		0.0264575131		0.0264575131

		300		300		300		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0305505046		0.0305505046

		320		320		320		0.0424264069		0.0424264069		0.0360555128		0.0360555128		0.0351188458		0.0351188458

		340		340		340		0.0353553391		0.0353553391		0.0351188458		0.0351188458		0.0351188458		0.0351188458

		360		360		360		0.0282842712		0.0282842712		0.0251661148		0.0251661148		0.0351188458		0.0351188458



Time (min.)

Abs at 1066cm-1

0.1833333333

0.01

0.36

0.3033333333

0.0466666667

0.58

0.4133333333

0.12

0.7533333333

0.5166666667

0.1766666667

0.89

0.6233333333

0.2433333333

0.9966666667

0.7066666667

0.3133333333

1.0766666667

0.79

0.3933333333

1.1333333333

0.8633333333

0.4533333333

1.1766666667

0.9266666667

0.5233333333

1.2133333333

0.9833333333

0.5866666667

1.24

1.02

0.6433333333

1.2533333333

1.0566666667

0.6966666667

1.2633333333

1.0866666667

0.7466666667

1.2733333333

1.1166666667

0.7966666667

1.28

1.1466666667

0.8466666667

1.2866666667

1.1666666667

0.89

1.2966666667

1.19

0.9366666667

1.2966666667

1.1933333333

0.9566666667

1.2966666667



Chart4

		20		20		20		0.0141421356		0.0141421356		0.0435889894		0.0435889894		0.0353553391		0.0353553391

		40		40		40		0.0424264069		0.0424264069		0.0472581563		0.0472581563		0.0282842712		0.0282842712

		60		60		60		0.0424264069		0.0424264069		0.0461880215		0.0461880215		0.0353553391		0.0353553391

		80		80		80		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		100		100		100		0.0353553391		0.0353553391		0.0461880215		0.0461880215		0.0424264069		0.0424264069

		120		120		120		0.0353553391		0.0353553391		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		140		140		140		0.0424264069		0.0424264069		0.0519615242		0.0519615242		0.0282842712		0.0282842712

		160		160		160		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		180		180		180		0.0494974747		0.0494974747		0.0461880215		0.0461880215		0.0282842712		0.0282842712

		200		200		200		0.0494974747		0.0494974747		0.0472581563		0.0472581563		0.0353553391		0.0353553391

		220		220		220		0.0494974747		0.0494974747		0.037859389		0.037859389		0.0353553391		0.0353553391

		240		240		240		0.0494974747		0.0494974747		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		260		260		260		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		280		280		280		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		300		300		300		0.0353553391		0.0353553391		0.0519615242		0.0519615242		0.0353553391		0.0353553391

		320		320		320		0.0424264069		0.0424264069		0.0493288286		0.0493288286		0.0353553391		0.0353553391

		340		340		340		0.0353553391		0.0353553391		0.0404145188		0.0404145188		0.0353553391		0.0353553391

		360		360		360		0.0282842712		0.0282842712		0.0321455025		0.0321455025		0.0353553391		0.0353553391



Time (min.)

Abs at 1066cm-1

0.1833333333

0.34

0.7233333333

0.3033333333

0.5033333333

0.89

0.4133333333

0.6533333333

0.9766666667

0.5166666667

0.77

1.04

0.6233333333

0.8733333333

1.06

0.7066666667

0.9566666667

1.0766666667

0.79

1.01

1.0866666667

0.8633333333

1.0633333333

1.1

0.9266666667

1.1133333333

1.1066666667

0.9833333333

1.1433333333

1.11

1.02

1.1633333333

1.11

1.0566666667

1.1866666667

1.11

1.0866666667

1.2166666667

1.11

1.1166666667

1.2366666667

1.11

1.1466666667

1.26

1.11

1.1666666667

1.2866666667

1.11

1.19

1.2966666667

1.11

1.1933333333

1.3066666667

1.11



Sheet2

		

		2TEOS+2HAC		1		2		3		Average		STD		2TEOS+2HAC+0.316H2O		1		2		3		Average		STD		2TEOS+4HAC		1		2		3		Average		STD		40C		1		2		3		Ave		STD		60C		1		2		3		Ave		STD		2000psi		1		2		3		Ave		STD		1300psi		1		2		3		Ave		STD

		20		0.16		0.18		0.21		0.18		0.01				0.85		0.94		0.94		0.91		0.05				0.27		0.33		0.33		0.31		0.03				0.02		0.01		0		0.01		0.01				0.34		0.34		0.4		0.36		0.03				0.31		0.32		0.39		0.34		0.04				0.72		0.75		0.7		0.72		0.04

		40		0.26		0.32		0.33		0.30		0.04				0.94		1.01		1.03		0.99		0.05				0.46		0.51		0.51		0.49		0.03				0.08		0.05		0.01		0.05		0.04				0.56		0.57		0.61		0.58		0.03				0.45		0.54		0.52		0.50		0.05				0.89		0.91		0.87		0.89		0.03

		60		0.37		0.43		0.44		0.41		0.04				0.99		1.06		1.08		1.04		0.05				0.62		0.69		0.68		0.66		0.04				0.17		0.12		0.07		0.12		0.05				0.72		0.74		0.8		0.75		0.04				0.6		0.68		0.68		0.65		0.05				0.98		1		0.95		0.98		0.04

		80		0.48		0.53		0.54		0.52		0.04				1.04		1.08		1.13		1.08		0.05				0.76		0.84		0.84		0.81		0.05				0.2		0.2		0.13		0.18		0.04				0.87		0.89		0.91		0.89		0.02				0.71		0.8		0.8		0.77		0.05				1.04		1.06		1.02		1.04		0.03

		100		0.59		0.64		0.64		0.62		0.04				1.06		1.1		1.16		1.11		0.05				0.88		0.96		0.96		0.93		0.05				0.29		0.25		0.19		0.24		0.05				0.98		1.01		1		1.00		0.02				0.82		0.9		0.9		0.87		0.05				1.06		1.09		1.03		1.06		0.04

		120		0.67		0.72		0.73		0.71		0.04				1.1		1.13		1.19		1.14		0.05				0.95		1.04		1.04		1.01		0.05				0.36		0.33		0.25		0.31		0.06				1.08		1.09		1.06		1.08		0.02				0.9		0.98		0.99		0.96		0.05				1.08		1.1		1.05		1.08		0.04

		140		0.75		0.81		0.81		0.79		0.04				1.14		1.16		1.22		1.17		0.04				1.05		1.12		1.11		1.09		0.04				0.43		0.41		0.34		0.39		0.05				1.12		1.16		1.12		1.13		0.02				0.95		1.04		1.04		1.01		0.05				1.1		1.1		1.06		1.09		0.03

		160		0.82		0.89		0.88		0.86		0.05				1.18		1.18		1.24		1.20		0.03				1.09		1.16		1.17		1.14		0.04				0.5		0.46		0.4		0.45		0.05				1.18		1.2		1.15		1.18		0.03				1.01		1.09		1.09		1.06		0.05				1.12		1.11		1.07		1.10		0.03

		180		0.88		0.95		0.95		0.93		0.05				1.21		1.19		1.27		1.22		0.04				1.13		1.19		1.2		1.17		0.04				0.57		0.53		0.47		0.52		0.05				1.21		1.25		1.18		1.21		0.04				1.06		1.14		1.14		1.11		0.05				1.12		1.12		1.08		1.11		0.03

		200		0.94		1.01		1		0.98		0.05				1.23		1.2		1.29		1.24		0.05				1.15		1.22		1.22		1.20		0.04				0.63		0.59		0.54		0.59		0.05				1.24		1.28		1.2		1.24		0.04				1.09		1.18		1.16		1.14		0.05				1.12		1.13		1.08		1.11		0.04

		220		0.98		1.05		1.03		1.02		0.05				1.26		1.21		1.31		1.26		0.05				1.17		1.25		1.22		1.21		0.04				0.69		0.64		0.6		0.64		0.05				1.24		1.3		1.22		1.25		0.04				1.12		1.19		1.18		1.16		0.04				1.12		1.13		1.08		1.11		0.04

		240		1.02		1.09		1.06		1.06		0.05				1.28		1.23		1.33		1.28		0.05				1.19		1.27		1.23		1.23		0.04				0.73		0.7		0.66		0.70		0.04				1.25		1.3		1.24		1.26		0.03				1.14		1.21		1.21		1.19		0.04				1.12		1.13		1.08		1.11		0.04

		260		1.05		1.11		1.1		1.09		0.04				1.3		1.24		1.34		1.29		0.05				1.2		1.27		1.24		1.24		0.04				0.78		0.75		0.71		0.75		0.04				1.26		1.31		1.25		1.27		0.03				1.16		1.24		1.25		1.22		0.05				1.12		1.13		1.08		1.11		0.04

		280		1.08		1.14		1.13		1.12		0.04				1.3		1.25		1.35		1.30		0.05				1.21		1.28		1.24		1.24		0.04				0.83		0.8		0.76		0.80		0.04				1.27		1.31		1.26		1.28		0.03				1.18		1.26		1.27		1.24		0.05				1.12		1.13		1.08		1.11		0.04

		300		1.12		1.17		1.15		1.15		0.04				1.3		1.25		1.35		1.30		0.05				1.22		1.28		1.25		1.25		0.03				0.88		0.85		0.81		0.85		0.04				1.28		1.32		1.26		1.29		0.03				1.2		1.29		1.29		1.26		0.05				1.12		1.13		1.08		1.11		0.04

		320		1.14		1.2		1.16		1.17		0.04				1.3		1.25		1.35		1.30		0.05				1.24		1.28		1.25		1.26		0.02				0.92		0.9		0.85		0.89		0.04				1.3		1.33		1.26		1.30		0.04				1.23		1.32		1.31		1.29		0.05				1.12		1.13		1.08		1.11		0.04
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