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Tetrakis(2-ethylbutoxy)silane (TKEBS) IS present along with 

trichloroethene (TCE) as a subsurface contaminant at Site-300, Lawrence 

Livermore National Laboratory, CA. The anaerobic transformation of TCE is 

driven by the fermentation of the hydrolysis product of TKEBS, 2-ethylbutanol. 

Therefore, understanding the hydrolytic transformation of TKEBS under site 

conditions will help in the understanding of anaerobic transformation processes 

occurring at the site. 

This study investigated the abiotic hydrolysis of TKEBS in saturated and 

unsaturated soil from the site. Rates of hydrolysis were determined as a function of 

water content. The rates and products of TKEBS transformation in batch kinetic 

tests were determined by dichloromethane extraction and gas chromatography. The 

abiotic hydrolysis of other lower homologues of tetraalkoxysilanes (TPOS and 

TBOS) was also examined to help characterize the mechanisms of catalyzed 

hydrolysis. 
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No measurable hydrolysis of TKEBS occurred either in an aqueous system 

(pH=8) or in a water-saturated solid system over a period of 28 days. However, the 

hydrolysis rates increased as the water content decreased. The hydrolysis products 

of tetraalkoxysilanes, their corresponding alcohols, reduce the hydrolysis rates to 

various degrees. The different affinity of hydrolysis products with water may be 

responsible for the different degrees of inhibition. 

The amount of transformation in 43 hours increased 4.6 fold for TPOS, 4.1 

fold for TBOS and 2.1 fold for TKEBS as the relative humidity decreased from 

100% to 15%. These results indicate that TKEBS is not as sensitive to the changes 

in relative humidity as TPOS and TBOS. At the same humidity, the relative 

magnitude of average hydrolysis rates for three compounds IS 

TPOS>TBOS>TKEBS. The trend is opposite to the sizes of their hydrocarbon 

moieties (propane<1-butane<2-ethylbutane). The bulkier hydrocarbon moiety may 

cause higher activated energy for hydrolysis, especially for a branched hydrocarbon 

moiety. 

A Michaelis-Menten type kinetic model for surface catalyzed hydrolysis 

was tested. An interesting two-region phenomenon was found. At low and 

moderate concentrations, the transformation rate can be expressed very well by the 

Michaelis-Menten equation. The trend ofkmax at the same water content is TPOS > 

TBOS > TKEBS. As water content increases, the Ks value decreases for TPOS and 

TBOS. The Ks values of TKEBS are less sensitive to changes in soil water content. 

The relationship between Ks and kmax for TPOS and TBOS suggests that the 

increase of water content is unfavorable for the activated complex transformation at 

low and moderate concentrations. At high concentrations, another set of parameters 

is required to fit the data. The new kmax values become much larger than those at 

low and moderate concentrations. Another unknown mechanism must be involved 

at the higher concentrations. 
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Abiotic Transformations of TKEBS 

and Other Lower Homologues of Tetraalkoxysilanes 


by Subsurface Solids from a Contaminated Site 


Chapter 1 


Introduction 


Alkoxysilanes are a group of silicon based compounds that contain an 

oxygen bridge from the central silicon atom to an orgamc group. 

Tetraalkoxysilanes are specially referred to as the compounds that include four 

oxygen bridges. Due to their excellent thermal properties, they are commonly used 

in industry as lubricants and heat-exchange fluids. Tetrakis(2-ethylbutoxy)silane 

(TKEBS) belongs to this group of compounds (4). 

Pure liquid contaminants other than water III groundwater are usually 

referred to as nonaqueous phase liquids (NAPL). If a contaminant has a density 

lower than water, it is called LNAPL, light nonaqueous phase liquid (e.g., gasoline, 

diesel, kerosene); otherwise it is called DNAPL, dense nonaqueous phase liquids 

(e.g., TCE, carbon tetrachloride). The behavior of NAPLs in subsurface is very 

difficult to predict because of complex interactions that are highly nonlinear in 

nature and properties of the geological porous media and fluid phases. NAPL 

contaminant is often caused by accident spills, leaking storage tanks or leaking 

pipes (1, 2, 3). Because the density of TKEBS is lower than water, it floats on top 

of the capillary fringe or water table as a LNAPL. 

Tetrakis(2-ethylbutoxy)silane has been used as heat exchange fluid at Site 

300, Lawrence Livermore National Labs (LLNL), CA. Its use resulted in 

subsurface contamination from leaking heat exchanger pipes. One of the hydraulic 

characteristics of this aquifer is the seasonal fluctuation of the water table. This 

vertical movement of the water table has likely spread the volume of free TKEBS 

within the pore space, thus increases the contacting area between TKEBS and 
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groundwater. This movement causes concerns about the physical distribution of the 

dissolved plume and the spread of residual TKEBS into the pores where residues 

are hard to recover by pumping (3). 

Investigations concerning the physical and chemical properties of TKEBS 

are required to characterize the fate and transport of this compound. A detailed 

literature review and fine work done by Vancheeswaran et al. (4, 25) was related to 

the basic properties, such as solubility, surface tension, the hydrolysis rates under 

abiotic and biotic conditions, and the aerobic biodegradability. Since TKEBS easily 

forms an emulsion in water, the seasonal fluctuation of water table may produce a 

TKEBS emulsion in groundwater. The TKEBS concentration in his study on the 

biological transformation was between 10 mg/L and 100 mg/L, which is well above 

the solubility limit, which is less than 1 mg/L. However, the main residual of 

TKEBS remains in the pores both in vadose and saturated zones. TKEBS can 

possess a significant volumetric ratio in pore space, and contact with soil that may 

catalyze its hydrolysis. The accelerated abiotic hydrolysis in the presence of soil 

has been observed for a silicone polymer (14, 15) and many pesticides that have 

similar chemical structures (14,15,18,19,20,21,26). 

Under abiotic conditions, TKEBS was found to hydrolyze to 2-ethylbutanol 

and silicic acid. Hydrogen was produced as a result of the anaerobic fermentation 

of 2-ethylbutanol. The hydrogen likely served as the electron donor for the 

microbially-mediated reductive dechlorination of TeE (4). 

In addition, because of the TeE contamination at the site, soil vapor 

extraction has been applied to extract TeE from vadose zone during summer 

season when the local water table is lower. Since air is drawn into the vadose zone 

during this period, the water content in soil may decrease significantly and promote 

the direct contact ofTKEBS with soil. Thus the abiotic hydrolysis ofTKEBS might 

be accelerated under these conditions. 
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The purpose of this research was to investigate the abiotic transformation of 

TKEBS and other tetraalkoxysilanes by the soil from Site 300, LLNL, CA. The 

objectives of the study were as follows: 

a) 	 To examine the abiotic transformation of TKEBS in the presence of the 

local geological material. 

b) 	 To investigate the hydrolysis of TKEBS in a water-saturated soil system, a 

gradually water drying soil system, and under different moisture contents 

representing vadose zone conditions at the site. 

c) 	 To characterize the mechanisms of solid-catalyzed hydrolysis of TKEBS 

and other lower homologues oftetraalkoxysilanes. 

The thesis research focuses on understanding the fate of TKEBS In 

subsurface. The contents presented in the subsequent chapters are as follows. 

A concise literature review on the various relevant topics of this work are 

provided in Chapter 2. It contains: 

a) 	 Basic properties ofTKEBS; 

b) 	 Abiotic hydrolysis of tetraalkoxysilanes in water; 

c) 	 Partitioning behavior; 

d) 	 Analogies from the hydrolysis of other similar compounds; 

e) 	 Possible models to describe solid-catalyzed reaction. 

Chapter 3 provides the experimental methods used for determining the 

solid-catalyzed hydrolysis rates and for characterizing reaction mechanisms of 

tetraalkoxysilanes. In addition, the size distributions of the soil particles from the 

contaminated site are presented. 
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Chapter 4 includes a detailed discussion on the experimental results and 

model analyses. The conclusions of this study are also presented in this chapter. 

The final chapter presents a modified conceptual model to describe a 

possible link between TKEBS hydrolysis and TCE degradation (the original model 

was proposed by Vancheeswaran et al. (4)). Future studies are also proposed that 

may enhance the knowledge of the catalyzed hydrolysis processes. 
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Chapter 2 

Literature Review 

TKEBS IS a nonvolatile silicon-based compound primarily used as heat 

transfer fluid, hydraulic fluid and lubricant, and belongs to the group of 

organometallic compounds, tetraalkoxysilanes (4, 25, 28). Many studies have been 

performed related to its use of industrial purposes. However, at Site 300, Lawrence 

Livermore National Labs (LLNL), CA., TKEBS exists as a contaminant in the 

subsurface. This may be the first report of TKEBS contamination in the 

environment. Therefore, there is limited information on the fate of TKEBS in the 

subsurface. However, the similarity of the chemical structures between some 

pesticides and tetraalkoxysilanes allows us to hypothesize the fate of TKEBS based 

on the abiotic transformation of certain pesticides in the environment (Figure 2.1). 

Analogy 

between Pesticides and Tetraalkoxysilanes 


;:0C/l ,
II 6,RI--O--P--O--R2 RI, R2, RJ, and R are , 

R--O--Si--O--R hydrocarbon moieties. 

? 
,6, An oxygen bridge is 

~ replaced with a double v.> 
~ bond (P=S) in 

pesticidesParathion, Malathion, or Phosmet Tetraalkoxysilanes 

• A central atom is found in both groups. ( Si or P ) 

• Hydrocarbon moieties are connected to a central atom through oxygen or 
sulfur. 

• The similarity of their chemical structures may result in the same 
mechanism of solid-catalyzed hydrolysis. 

Figure 2.1. Similarity between some pesticides and tetraalkoxysilanes. 
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Similar chemical structures between certain pesticides and 

tetraalkoxysilanes are shown in Figure 2.1. The structures of those pesticides all 

contain three oxygen bridges from the central atom, phosphorous, to various 

organic groups. On the other hand, tetraalkoxysilanes possess four oxygen bridges 

from a silicon central atom to four the same organic groups. Because of the high 

electronnegativity of oxygen compared with phosphorous or silicon, those oxygen 

bridges can withdraw electrons away from the central atom, and therefore, create 

deficiency of electrons at the central atom. Many studies have demonstrated that 

the electron deficiency of the central atom promotes nucleophilic displacement 

(SN2) (6, 8, 9, 14, 15, 18, 26). Due to the similar electron distributions between 

certain pesticides and tetraalkoxysilanes around their central atoms, we can expect 

that the abiotic transformation of TKEBS in the environment may expenence 

similar mechanisms as certain pesticides such as parathion, malathion, and 

phosmet. 

TPOS (tetrapropoxysilane) and TBOS (tetrabutoxysilane) are the other two 

lower homologues of tetraalkoxysilanes used in this work to illustrate the effect of 

the change of hydrocarbon moieties on their hydrolysis. 

The literature review summarizes important information on prior research 

and possible mechanisms involved in solid catalyzed hydrolysis. It includes: 

a) Basic properties of TKEBS; 

b) Abiotic hydrolyses oftetraalkoxysilanes in water; 

c) Partitioning behavior; 

d) Analogies from the hydrolysis of similar compounds; 

e) Possible models to describe the solid-catalyzed hydrolysis; 

f) Summary. 
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2.1 Basic Properties ofTKEBS 

The physical properties of TKEBS and its corresponding alcohol are listed 

in Table 2.1. (Adapted from (4)) 

Table 2.1. Physical properties of TKEBS and 2-ethylbutanol. 

Compound 
Name 

Chemical Fonnula Molecular Wt. 
(g / mole) 

Boiling Pt. (OC) Solubility 
(mg / L)@ 20°C 

TKEI3S C2~H5204Si 432.1 340 Less than 0.5 

2-ethylbutanol C"HllOH 102 146 --

Density 
(g / cm l 

) 

Viscosity 
(cSt) @ 38°C 

Surface Tension 
(dynes / cm) 

TKEBS 0.899 4.35 22.8 

2-cthylbutanol 0.83 -- --

TKEBS has a very high boiling point, indicating that TKEBS is a 

nonvolatile compound. With very low solubility, the migration of TKEBS in the 

subsurface is not likely as a dissolved species. The interfacial tension between a 

liquid and its own vapor is called vapor tension or surface tension (1). The surface 

tension represents only the interaction between air and TKEBS. A simple 

preliminary experiment was performed to demonstrate the interaction among soil, 

water, and TKEBS. Very coarse sand particles from the Site 300 were dipped into a 

beaker containing TKEBS and DI water. Since TKEBS floated on water, the 

particles were coated with TKEBS. Once the particle penetrated the interface of 

TKEBS and water, water repelled TKEBS coating on the particle and became the 
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wetting agent on the particle. The results indicate that groundwater was the wetting 

fluid in the subsurface. TKEBS, as a nonwetting fluid in the subsurface, does not 

directly contact on the geological material of the site. 

2.2 Abiotic hydrolysis oftetraalkoxysilanes in water 

Hydrolytic reaction mechanisms of organic compounds have been carefully 

studied through experiments and theoretical calculations. Hydrolysis reactions can 

be acid or base catalyzed and accelerated by microbial catalysis (5, 6, 7). Many 

hydrolysis reactions result from a nucleophile, such as OR or H20, attacking a 

carbon or phosphate atom (5, 6). The action of a nucleophile intruding into an 

organic compound can form an activated complex that possesses a higher free 

energy. When a reaction occurs in this way, it is commonly termed as SN2 reaction 

(i.e. substitution, nucleophilic, bimolecular), and follows a second-order kinetic 

rate law (6). The SN2 mechanism has been considered to be the likely path for acid 

and base promoted hydrolysis of some tetraalkoxysilanes or similar silicon-based 

compounds (8, 9). The hydrolysis rate depends on both the capability of the 

nucleophile to initiate a substitution reaction and the barriers formed by the organic 

molecule itself to hinder the approach of nucleophile (6). The barriers are 

correlated to the alkoxy groups of a compound. Usually bulkier alkoxy groups will 

decrease the hydrolysis rate. Such a hindrance generated by an organic compound 

is called steric hindrance. 

Taft and Pavelich reported that the hydrolysis rates of carboxylic acid esters 

(RJ -[C=O]-O-R2) could be estimated by their structure (6). In other words, it is 

possible to quantify the hydrolysis rate of an aliphatic compound by summing the 

contributions of individual moieties to a reference compound. Their study showed 

that the change from n-C3H7 to n-C4H9 resulted only in a small decrease of 

hydrolytic rate, but the change from n-C3H7 to i-C4H9 (isobutane) significantly 

decreased the rate of hydrolysis. They observed that bulky groups close to the 
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reaction center that do not have strong electron withdrawing capability could 

significantly decrease reaction rates. According to their results, we may deduce that 

the hydrolysis rates of tetraalkoxysilanes will decrease when the hydrocarbon 

branches become longer and/or bulkier. 

Two lower homologues of tetraalkoxysilanes have been extensively studied 

(tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS)) because of their 

special applications for the synthesis of ceramics and glasses by the sol-gel method 

(8, 9). Since most of the applications emphasize the polymerization of 

tetraalkoxysilanes, highly acidic or basic alcohol solutions are used for promoting 

hydrolysis and condensation. These studies do not represent subsurface conditions 

because a solid phase is not present and the pH values differ from the neutral range 

of groundwater. 

The hydrolysis of tetraalkoxysilanes results from a stepwise substitution of 

the alkoxy group by water as shown below (8). 

(RO)4Si --~. (RO)3Si(OH) ----i~. (RO)2Si(OHh----i~. (RO)Si(OH)] ----i~. Si(OH)4 

or Si(OR)4 + n H20 --..~ Si(ORkn(OH)n + n ROH 

The corresponding alcohol, ROH, is generated at each hydrolysis step. In 

lower homologue cases, it has been shown that the abiotic hydrolysis rate limiting 

step is the first step. However, the last two steps of the stepwise substitution are 

reversible. From the point of view of kinetics, the forward and reverse rates of 

hydrolysis reaction increase as more alkoxy groups are substituted (8). It is also 

interesting to see that the ratio of forward rate to reverse rate of hydrolysis becomes 

lower as hydrolysis reaction is more complete (8). Therefore, the hydrolysis of 

silicon alkoxides is not necessary to produce only fully hydrolyzed products, silicic 

acid (Si(OH)4). Partial hydrolyzed intermediates such as (RO)Si(OH)3 and 

(RO)2Si(OHh can also be observed even when the water amount is far more than 

that required by stoichiometry. A detailed and theoretical description on the 

mechanisms of silicon alkoxides is in the work by Okumoto and Fujita (9). 
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Because TKEBS has bulkier alkoxyides than TPOS and TBOS, the 

hydrolysis of TKEBS should be slower than that of TPOS and TBOS as a result of 

the steric effect. Vancheeswaran et al. also observed this effect (25). In their 

experiments, they found that the hydrolysis of TBOS (tetrabutoxysilane) was much 

faster than TKEB S. 

It is also worth mentioning that silicic acid, a hydrolysis product of 

tetraalkoxysilanes, may further undergo condensation that can produce a 

transparent and porous gel. Solid catalyzed hydrolysis requires the contact of 

reactants with the solid surface. If the hydrolysis product, silicic acid, condenses on 

the surface of solid, the gel may physically impede the contact of reactions to solid 

surface. The detailed mechanism of the condensation reaction can also be found in 

the work by Okumoto and Fujita (9). 

2.3 Partitioning behavior 

Under abiotic conditions, TKEBS were found to slowly hydrolyze to 2

ethylbutanol and silicic acid (25). Hydrogen was produced as a result of the 

anaerobic fermentation of 2-ethylbutanol. The hydrogen likely served as the 

electron donor for the microbially-mediated reductive dechlorination of TCE (4). 

Therefore, the quantity of 2-ethylbutanol available for fermentation can affect the 

fate of TCE at the site. When pure TKEBS exists as a LNAPL, it may become the 

major organic phase in both saturated and unsaturated zones because of the 

seasonal fluctuation of the groundwater table. 2-ethylbutanol may not be fully 

released into groundwater after hydrolysis, if it partitions into the pure TKEBS 

phase. Therefore, to understand the partitioning behavior of 2-ethylbutanol between 

pure TKEBS and aqueous phase can help us evaluate the distribution of this 

compound at the site. 

Chemicals in the environment tend to distribute themselves among various 

phases in order to lower their energy level. These partitioning processes are 
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dynamic. Nevertheless, the complex dynamics usually can be simplified to few 

rate-limiting steps that determine the change of the chemical concentrations of 

interest (10). In groundwater, since the transport velocity is sometimes very small, 

the chemical of interest may reach partitioning equilibrium and the kinetic 

relationships can often be assumed to be at steady state. This is referred to as the 

"local equilibrium" assumption (7). When equilibrium is achieved, the flux from 

one compartment to another is constant. Therefore, the concentration in each 

compartment reaches a steady-state value. The ratio of the concentrations for two 

connecting compartments is called a partitioning coefficient or distribution 

coefficient (11). 

Several researchers observed that higher concentrations of sorbents result in 

lower partitioning coefficients for hydrophobic compounds and heavy metals. Most 

of the researchers attribute this phenomenon to sorbents contributing colloids or 

other binding agents that can not be separated from water (12, 13). 

The solubility of TKEBS in water is very low (Table 2.1). An emulsion can 

form through mixing if the quantity of pure TKEBS is well above its solubility 

limit. When one perform the partitioning experiment, vigorous mixing of two 

phases must be applied to accelerate partitioning equilibrium. Separation of two 

phases is usually achieved by centrifugation. However, the separation may not be 

complete due to the formation of colloidal TKEBS in water. The colloids of 

TKEBS may act like soil colloids or some binding agents to affect the experimental 

results. 

Another issue we are concerned with is water partitioning between air and 

soil. Saltzman et al. observed a greater transformation of parathion on kaolinite clay 

of low water content, especially the air-dried clay (18). They also found the 

parathion transformation on air-dried clay was correlated with the hydration status 

of the clay and the type of exchangeable cations. The water content of air-dried 

soil, therefore, may affect TKEBS transformation rate. The relationship of water 
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content of soil and water vapor pressure in air can be described through partitioning 

isotherms that are discussed in the following paragraphs. 

The mechanism of partitioning may be divided into two catalogues, 

absorption and adsorption. Absorption is the process of mass transfer between two 

bulk phases. Adsorption occurs between surface of one media and another bulk 

phase. However, often it is hard to distinguish between them because adsorption 

may become absorption over a long time (12). Camazano and Martin demonstrated 

that adding phosmet on the air-dried clay, montmorillonite, caused the expansion of 

basal spacing in two days (21). They found that phosmet was absorbed into the 

interlayer of clay by infared spectra (21). When adding TKEBS on the soil from the 

contaminant site, we may expect that part of TKEBS will be absorbed into clay by 

similar mechanisms. 

F our methods to describe partitioning behavior that commonly used in 

environmental engineering are listed below (10). The forms of those isotherms are 

summarized in the Table 2.2. 

a) 	 Linear isotherm is only good in the range of very low concentrations. 

b) 	 Langmuir isotherm governs the physical soption (no chemical bond) of 

gas or liquid solutes when only a monolayer of adsorbate is formed. At 

low concentration, it becomes linear isotherm. 

c) 	 BET isotherm is an extension of Langmuir isotherm, it assumes the 

formation of mutilayers of adsobate independently, but the differences 

of heat of adsorption are ignored. 

d) 	 Freundlich isotherm is widely used as an empirical adsorption model. 

However, it can be derived theoretically assuming that the frequency of 

sorption sites associated with a free energy of adsorption decreases 

exponentially with the free energy. 
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Table 2.2. Expressions of different isotherms. 

Isotherm Expression Definition of Parameters 

Linear Cs = Kd*Cw 

Cs = adsorbate concentration in solid phase 

C, = adsorbate concentration in water phase 

Kd = partitioning coefficient 

b. Kt; and lin are empirical constants 

Q" = maximum concentration in solid phase 

(monolayer coverage) 

C' = saturation concentration of adsorbate 

a = a dimensionless constant 

Langmuir Cs = QO*b*Cw I (1+b*Cw ) 

BET C/Qo = a*C w I (C'-Cw ) I [1 +(a-l )*Cw/C'] 

Freundlich C s = K f *(Cw )l/n 

2.4 Analogies derivedfrom the hydrolysis ofother similar compounds 

According our best knowledge, the hydrolysis of TKEBS in the presence of 

a solid phase has not been investigated by others. Although the TKEBS 

contamination is unique, several researchers have reported that the presence of 

solid phase can enhance the hydrolysis reaction of silicone polymers 

[poly( dimethylsiloxane )s, PDMS] (14,15). According their results, both the type of 

geological media and the soil moisture content affect the fate of the silicone 

polymers greatly. Much evidence showed that low moisture content increases the 

rate of the transformation of PDMS. The change of water content in Londo soil 

from 8.4% to 2.0% caused an I80-fold increase of hydrolysis rate (15). Water 

addition to the air-dried clay can quench the hydrolysis reaction. It was suggested 

that the number of the sites responsible for catalyzed hydrolysis may be inhibited 

by excess water. Surface Bronsted and Lewis acidities generated by exchangeable 

cations and structural metal cations of the geological media may catalyze 

hydrolytic reactions (14). The effectiveness of structural Al in catalyzing PDMS is 

greater than Mg and Si (14). The mechanism of the catalysis likely results from the 

Lewis acid sites involved in the coordination with the bond of silicon and oxygen 
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(Si-O) in the PDMS backbone (14). Without the aid of those catalytic sites, water 

may hardly break the bond (Si-O) because of the steric effect from the methyl 

groups on PDMS (14). 

Higher moisture content decreases the hydrolysis rate of PDMS since the 

water content reduces the number of Lewis acid sites (15). Moreover, too much 

water may prevent PDMS from contacting the acid sites and inhibit the mechanism 

of catalysis (15). 

In our case, TKEBS with four bulky alkoxy groups may reduce the catalysis 

effect significantly compared with other lower tetraalkoxysilanes. When 

groundwater table lowers, the part of TKEBS left in vadose zone may undergo 

faster hydrolysis due to the catalytic activity of drier soils. 

Another useful analogy introduced in the beginning of this chapter results 

from the similarity of chemical structures and of electron distributions around their 

center atoms between tetraalkoxysilanes and some pesticides like diazinon, 

malathion, and parathion (Figure 2.1). Since pesticides pose a serious problem in 

the environment, numerous studies have been performed to quantify their fate and 

to characterize the mechanisms of their transformation. Most of the research in this 

field has been performed in water-saturated systems or systems of high water-solid 

ratios. However, a much higher rate of parathion degradation was observed by 

Saltzman et al. at moisture content less than 10% in clay (18). Their results indicate 

that excess water on solid surface decreases the catalytic effect. Water possesses 

greater affinity than organic contaminants to most geological materials and the 

layers of water impede the accessibility to sites with catalytic ability. Saltzman et 

al. also found that the hydrolytic products could not be totally recovered (18). The 

amount of unextractable products was strongly related to the types of exchangeable 

cations in clay and the amount of degradation. They, therefore, deduced that the 

catalytic sites could also be the sites where the decomposition products were 

trapped. 
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Hamaker (19) has suggested that kinetics of reaction catalyzed by surfaces 

might be described by the form of Michaelis-Menten enzyme kinetics given in 

Equation 2.1 : 

dC kmaxC (2.1) 
dt K, +C 

where klllax is a maximum value of rate, Ks is a parameter related to the binding 

ability of the active sites to a specific compound, and C is the concentration of the 

compound of interest. 

Equation 2.1 reduces to a first order reaction at low concentration, and the 

rate coefficient can be expressed by a single parameter, k), which is equal to 

klllaxlKs. At high concentration, Equation 2.1 approximates to a zero order reaction 

with a maximum rate, klllax . 

The mechanism of either enzyme catalysis or solid catalysis is based on the 

formation of activated complexes from reactants and active sites. With the 

completion of the reaction, the active sites of the catalyst are regenerated. 

Therefore, it is not surprising that solid-based catalysis might share the same rate 

law as Michaelis-Menten enzyme kinetics. However, because very low pesticide 

concentrations have been used in most studies, the form of Michaelis-Menten 

kinetic equation is reduced to a first order reaction (20). Michaelis-Menten kinetics 

has rarely been observed in solid-based catalytic studies of environmental reactions 

of interest. 

Studies on the degradation of pesticides in soils have shown that adsorption 

by clays or organic colloids is the principal step of the hydrolysis of 

organophosphorus pesticides. Camazano and Martin observed that phosmet (a 

pesticide) was adsorbed into the interlayer space of the montmorillonite, forming a 

definite stable interlayer complex (21). They concluded that adsorption depends on, 

among all other factors, the nature of the interlayer cation of silicate; that Na and K 
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did not form a definite complex, and that the ability of the complex formation 

decreased in the following way: Ca>Ba>Mg>Cu>Ni. The complex is monolayer; 

the interlayer cations interact simultaneously with the sulfur atom of the P=S group 

and the oxygen atom of the c=o group (21, 27). The interactions are detected by 

the change of the stretching frequencies of P=S and C=O bond. Besides the 

exchangeable cations in the soil, the structural layer of charge of the silicate is also 

a fundamental factor of phosmet degradation. They concluded that interlayer 

attraction must be greater in the case of Cu2
+, Ni2

+, and Mg 2+ (of smaller ionic 

radius) and of the samples of higher structural layer charge. Therefore, the 

accessibility of the organic molecule to the cations must be difficult. Accessibility 

will be easier in the case of samples saturated with Ca2 
+ and Ba2 

+ and in the 

samples of lower structural layer charge (21). 

Researchers have studied the mechanisms of the surface-catalyzed 

hydrolysis of carboxylate esters (C=O bond), phosphorothioate easters (P=S bond), 

and oxonate esters (P=O bond). Several compounds with different but similar 

structures were tested in order to identify the linkage between chemical structure 

and three possible mechanisms of surface-catalyzed hydrolysis are listed below (22, 

23). 

a) 	 Metal complexation of the thionate-S or oxonate-O, which raises the 

electrophilicity of the phosphorus atom; 

b) 	 Induced deprotonation of metal-coordinated water, generating metal

hydroxo species that can serve as nucleophiles; 

c) 	 Metal-coordination of the leaving group, facilitating its exit. 

Torrents and Stone found that changing the position of the auxiliary ligand 

donor group affects sensitivity and selectivity of oxide-catalyzed hydrolysis in the 

case of five carboxylate esters (22). They, therefore, concluded that the auxiliary 

ligand donor group must be favorably positioned for surface coordination 

formation and subsequent catalysis to occur. However, the formation of a surface 
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coordination IS not a prerequisite for surface-catalyzed hydrolysis of 

phosphorothioate pesticides. 

It is necessary to use cosolvent to increase the concentration of a chemical 

in a water-saturated system. Usually, a system is buffered to maintain constant pH. 

It has been reported that these measures may cause inhibitory effects arising from 

the adsorption of inorganic constituents (e.g. phosphate and Ca) or reduction in the 

rate of a hydrolytic reaction because of cosolvent effect (22, 23). An interesting 

application of phosphate inhibition effect was to determine the number of 

phosphorus adsorption sites because these active sites may also be responsible for 

forming an activated complex with phosphate ester or phosphorothioate esters (24). 

Since the chemical structure of phosphate and tetraalkoxysilanes are 

similar, we could perform phosphate adsorption experiments to quantify the active 

binding sites of the soil. 

2.5 Possible models to describe solid-catalyzed reaction 

In the discipline of chemical engineering, heterogeneous catalysis and 

catalytic kinetics have been studied extensively. Catalysis is a process in which the 

catalytic agent causes a reduction in the free energy of the activated-complex 

formation thus increasing the reaction rate relative to the uncatalyzed system (16). 

To describe a catalytic mechanism of a single porous catalyst particle, we need to 

consider the following steps. (17) 

a) 	 Reactants diffuse from the mam stream of the fluid to the exterior 

surface of the catalyst. 

b) 	 Because the interior of the particle contains much more area than the 

exterior, most of the reaction takes place within the particle itself. 

Therefore, reactants diffuse through the pores into the interior. 
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c) 	 Reactant molecules diffusing in the pores to form activated complexes 

on the surface of the catalyst. After the reactants are transformed to 

products, the products then are released to the fluid phase within the 

pores. 

d) 	 Products then diffuse out of the pores to the surface of the catalyst. 

e) 	 Products move from the surface of catalyst to the main stream of the 

fluid. 

All the steps listed above participate in the overall reaction mechanism. 

Nevertheless, one step may govern the rate of the overall reaction. This step is 

referred to as the rate-limiting step (10). 

The direct contact of TKEBS residue to solid surface may lead to surface

catalyzed reaction under subsurface condition of LLNL Site 300. The required 

transport of TKEBS to soil surface is unnecessary due to direct deposition of 

TKEBS on the soil. Compared with the transport processes, the time scale of the 

reaction is much longer; we will therefore only consider surface phenomenon in the 

overall rate expression. However, several different mechanisms may end up in the 

same rate expression; therefore, it is difficult to find true reaction mechanisms from 

the experimental data. Based on active site theory, the rate can usually be expressed 

as follows (17). 

dC k max C 
(2.2)dt Ks+ C 


or 


dC k max C 
(2.3)

dt (Ks + C)2 

kmax and Ks are empirical constants. 
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Equation 2.2 has the same form as the Michaelis-Menten enzyme kinetics 

equation, Equation 2.1. It indicates that certain types of surface-catalyzed reactions 

may be similar to enzyme-catalyzed reaction. Equation 2.3 can describe the 

surface-catalyzed reaction requiring two active sites for initiating catalysis. The 

major difference between Equation 2.2 and 2.3 is that Equation 2.2 shows the 

maximum rate obtained at infinite concentration but Equation 2.3 shows that the 

rate approaches to zero at infinite concentration. 

Qualitatively, at very low concentration with adsorption controlling, a first 

order reaction will be observed. At high concentration with a fast reaction but slow 

desoption of products, we may observe a zero order reaction. If reaction is not rapid 

enough, the rate may become zero order or even drop after reaching a maximum 

(17) 

It should be noticed that the catalytic ability of a catalyst does not remain 

necessary effective with time. Fouling is the term referred to as that a deposition 

and physical blocking of the surface. Since the hydrolysis transformation of 

TKEBS produces silicic acid that may condense to form polymers on the surface of 

soil, fouling might take place. 

Several studies showed two-stage transformation of organophosphorous 

pesticides and polydimethylsiloxanes. (14, 21, 26). Fast degradation in the first 

stage is followed by slow degradation in the second stage. The fixation of 

hydrolysis products suggests that some catalytic sites may not be regenerated due 

to the slow desorption of the products (18). 

2.6 Summary 

Base on the literature review, we expect that the hydrolysis of TKEBS may 

be accelerated in soil from the contaminated site. It is therefore worthwhile 

investigating the catalytic ability of the soil to hydrolyze TKEBS. The following 
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study objectives were developed to better our understanding of the fate of TKEBS 

and other tetraalkoxysilanes in the environment. 

a) To examine the abiotic transformation of TKEBS in the presence of the 

local geological material. 

b) To investigate the hydrolysis of TKEBS in a water-saturated soil system, 

a gradually water drying soil system, at different moisture contents 

representing vadose zone conditions at the site. 

c) To characterize the mechanisms of solid-catalyzed hydrolysis of TKEBS 

and the other lower homologues of tetraalkoxysilanes, TPOS and TBOS 

(see Figure 2.1 for their chemical structures). The purpose to use TPOS 

and TBOS in our experiments is to illustrate how chemical structure 

affects the solid-catalyzed hydrolysis. 

d) To study the partitioning behavior of water vapor between air and soil. 

e) To seek a model to describe the hydrolysis kinetics. 
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Chapter 3 

Experimental Materials, Methods, and Data Processing 

This chapter is devoted to the experimental protocols. Batch experiments 

were performed to achieve the objectives of this study. A brief outline of this 

chapter was presented below. 

The characteristics of the geological material and the sources of the 

chemicals used in this study are presented in Section 3.1. Section 3.2 contains the 

soil sample preparation procedure, the humidity control method, and the technique 

used to add silicon compounds to the air-dried soil. Section 3.3 describes various 

batch experimental studies to achieve the objectives of this study. Section 3.4 

provides the extraction method used to remove the silicon compound and products 

from the soil for analysis. Section 3.5 deals with the analytic method used in this 

study. Section 3.6 describes the method used to present the experimental data in 

next chapter. 

3.1 Experimental material 

The soil for laboratory experiments was collected from the Site 300 

Building 834 operable unit at Lawrence Livermore National Laboratories (LLNL) 

in Livermore, CA. The following characteristics of the soil were obtained through 

personal communication with Professor Istok (29). Uncontaminated soil was 

collected in a single batch from a surface exposure that is representative of the 

aquifer. The batch sample was homogenized, sieved «5 mm), and air-dried prior 

use. The sieved soil was classified as a sandy loam with 76.9% sand, 10.9% silt, 

12.1 % clay. The other characteristics of the soil are listed in Table 3.1. 

A preliminary experiment was done to characterize the particle SIze 

distribution of the soil. In order to minimize the chemical influences by dispersion 



22 

agents to separate thoroughly the clay and silt from sand, the air-dried soil from the 

site was directly used in the sieving test by vibrating and shaking for five min on 

the test sieving shaker. The results are shown in Figure 3.1 and Table 3.2. It should 

be noticed that some clay and silt (particles passing the sieve No. 200) were still 

attached to the sand after sieving. 

Table 3.1. Characteristics of the soil from the contaminant site determined using 
standard methods (30). 

Medium grain diameter = 0.8 mm PH= 9 in a system with 1: I soil to water ratio 

Uniformity coefficient = 2.9 Cation exchange capacity = 19.8 meq/g 

Particle density = 2.65 g/ cm' 
Exchangeable cation capacity 

Na+=O.27 meq/lOOg K+=0.23 meq/lOOg 

Ca2+ = 29.9 meq/l OOg Mg2+ = 8.8meq/100gOrganic carbon content = 0.17 wt % 

Table 3.2. Particle size distribution ofLLNL soil. 

Sieve Number Opening (mm) % finer 

2-1/2" 64 98_03% 

#4 4_76 93_72% 

#8 2_38 83_68% 

#16 1_19 65_51% 

#30 0_59 35_03% 

#50 0_297 11_27% 

#100 0_149 5_67% 

#200 0.074 3_07% 

<#200 <0_074 0_00% 
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Figure 3.1. Particle size distribution of the LLNL soil. 

Table 3.1 indicated that a low organic carbon fraction was in the soil from 

Site 300. The source of the exchangeable cation is attributed to the presence of 

smectite clays, primarily montmorillonite. The high value of pH in 1: 1 soil solution 

may result from magnesite and calcite in the soil. The experimental results of 

particle size distribution of LLNL soil (Table 3.2 and Figure 3.1) show lower silt 

and clay fractions in comparison with the data obtained from Dr. Istok. The 

difference may result from the sieving procedure. In our sieving tests, no dispersing 

agent was used to separate the silt and clay that was strongly attached on sand. 

Therefore, the amount of silt and clay could be underestimated in a dry sieving test. 

Tetrakis(2-ethylbutoxy)silane (TKEBS, 97% purity) and Tetrabutoxysilane 

(TBOS, 97% purity) were obtained from United Chemical Technologies, Inc. 

(Bristol, PA), and Tetrapropoxysilane (TPOS, 95% purity) was purchased from 

Gelest, Inc. (Tullytown, PA). Their formula and basic properties are listed in Table 

3.3. Dichloromethane was obtained from Fisher Chemicals (Pair Lawn, NJ). 1

butanol and 2-ethylbutanol were obtained from Aldrich Chemcial Co. (Milwaukee, 

WI). 
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Table 3.3. Basic information ofTPOS, TBOS & TKEBS. 

Compound Name Chemical Formula 
Molecular Wt. 

(g / mol) 

Boiling Pt. (DC) 

TPOS Si(OC3H7)4 264.4 225-227 

TBOS Si(OC4H9)4 320.4 275 

TKEBS Si(OC6H13)4 432.1 340 

Three silicon compounds used in this work possess very high boiling points, 

which are over 2S0°C. The boiling point increases as the sizes of the hydrocarbon 

moiety increases. Their high boiling points also indicate that TPOS, TBOS, and 

TKEBS are nonvolatile compounds. 

3.2 Soil sample preparation, humidity control method, and the technique used to 
add silicon compounds to the air-dried soil. 

3.2.1 Soil sample preparation 

In order to minimize the transformation due to microbial activity, the sieved 

soil was autoclaved for 40 min before use. In Section 3.3, we will specify the size 

of particles we used in each experiment. A given size of soil particles (O.SOS± 0.02 

g) were placed in I.S-ml polypropylene centrifuge tube or I.S-ml glass vials. 

Before adding silicon compounds, the soil samples were stored in humidity control 

containers at the 20°C room or directly placed at the 20°C room to equilibrate with 

the ambient humidity for one week. For each set of the experiments, water contents 

of the particles were measured by placing samples into a 10SoC oven for two days 
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and calculating the weight loss of the samples. All the experiments were performed 

with duplicate samples and the experimental data were reported by mean values of 

duplicate samples. 

3.2.2 Humidity control method 

Humidity can affect water content of air-dried soil particles significantly, 

and therefore, precise humidity control was needed to us study the role of water 

onto catalytic hydrolysis. Humidity control was achieved by producing a closed 

space that contained a saturated aqueous saline solution. Different salts were used 

to generate various levels of relative humidity at a specific temperature in a closed 

system. The relationship between a saturated saline solution and the humidity 

52ndproduced at 20D C can be found in Handbook of Chemistry and Physics, 

Edition (28). The saline solutions and their corresponding relative humidities used 

in our experiments are listed in Table 3.4. 

Table 3.4. Relative humidity produced by saturated saline solution at 20°C in a 
closed space (28). 

Li(OH) CaCh K2C03 Mg(N03)2 NH4Cl ZnS04 CUS04 

15% 32% 43% 55% 80% 90% 98% 

Soil samples were placed on a plastic plate in a bowl that contained one of 

the saline solutions mentioned above. Two layers of plastic food wrap (Polyvinyl 

Film INC., Sutton, MA) were used to cover the bowl to close the system. The 

samples that required humidity control were placed in such a system for one week 

before the adding of the silicon compound of interest. The samples were stored 
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under the same humidity control after the addition of silicon compounds for the 

batch kinetic tests. 

3.2.3 The technique used to add silicon compounds to the air-dried soil 

In order to study the hydrolysis of the silicon compounds on air-dried soil, 

we developed a new technique to add a large amount of the silicon compound 

uniformly on air-dried soil surface. Since we expected that water content could 

affect hydrolysis rates of tetraalkoxysilanes, a proper carrier solvent was needed to 

minimize its impact on the water content of the air-dried soil during its 

vaporization. Dichloromethane was chosen as carrier solvent in this study due to its 

fast rate of vaporization and its ability to form a homogeneous mixture with 

tetraalkoxysilanes. The procedure of adding a silicon compound on air-dried soil is 

described in the following paragraph. 

A known amount of a silicon compound was added into dichloromethane to 

form I-mL mixture. The mixture (0.2 mL) was injected into a soil sample that had 

been preequilibrated with a certain humidity condition. After adding the silicon 

compound, the soil sample was placed under the fume hood for two hours to permit 

the dichloromethane to vaporize. A preliminary test showed that this solvent

evaporation process caused less than ten-percent change of the original water 

content. After the dichloromethane vaporization step, the sample was stored in its 

original humidity control condition during the kinetic study. 

3.3 Experimental study 

Six groups of various sizes of soil particles, which separated by sIevmg, 

were used in the following experiments. The size range of the particles in each 
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group is listed in Table 3.5. The particles belonging to Group 6 are more like silts 

and clays. 

Table 3.5. Various groups of particles used in this study. 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 

1.19 0.59 0.297 0.149 0.074 

Particle 
diameter (mm) to to to to to <0.074 

2.38 1.19 0.59 0.297 0.149 

Corresponding 
Sieve number 

(#) 

#8 

to 

#16 

#16 

to 

#30 

#30 

to 

#50 

#50 

to 

#100 

#100 

to 

#200 

<#200 

3.3.1 Experiment 1: Abiotic transformation of TKEBS in the presence of air-dried 
sieved soil particles. 

All six groups of soil particles were used in this experiment to test the 

catalytic ability of different sizes of particles. Because the technique of adding a 

silicon compound had not been determined at the study of these tests, these tests 

were used methanol instead of dichloromethane as solvent in this experiment. Each 

duplicate set of soil samples represents a data point at a specific concentration and a 

specific reaction time. We used six groups of soil particles, a certain concentration 

of TKEBS, a 2-day sampling interval, and a 6-day total reaction time. Therefore, 

the soil samples needed in this experiment can be calculated as follow: 
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6 (groups of particles) * I (compound)* I (concentration)*6( day)/2( day)*2( duplicate) 

= 36 (samples) 

The amounts of soil samples for other experiments were determined using 

the similar calculations. 

The soil samples preequilibrated at ambient humidity were spiked with 0.3

ml mixture of 0.15-ul of TKEBS and methanol. The spiked samples were 

transferred to the 20°C room. The samples were uncapped during incubation to 

allow methanol evaporation, thus ambient humidity controlled the water content of 

the soil particles. After the spiked soil samples were incubated at the 20°C room for 

a specified time, TKEBS was extracted with dichloromethane. After adding the 

dichloromethane, the soil/solvent mixture was placed on a vortex mixer for five

minute agitation. In order to eliminate the suspension of soil in liquid extract, the 

samples were centrifuged at 3000 rpm for 10 min. I-ilL liquid extract was then 

injected into the HP 5890 GC equipped with a FID detector. 

3.3.2 Experiment 2: Abiotic TKEBS transformation In a water-saturated soil 
system and a gradually water-drying system. 

In order to mimic the subsurface conditions at Site 300, we evaluated 

TKEBS transformation in a water-saturated soil system and an air-dried system. A 

water-saturated system is a system where all the pores in a soil sample are filled 

with water. In order to prevent water evaporation, the system is closed. A air-dried 

system is a system where initially all the pores are filled with water but gradually 

dried as water evaporates. Since water was allowed to evaporate, the system is 

referred to as an open system. The closed system with soil is representative of 

saturated zone conditions in the subsurface, and the open system is representative 

of soil in the vadose zone at the site. Seven sets of samples were prepared and the 

features of each set are as summarized in Table 3.6. DI water and the bottles used 

for preparation ofTKEBS solution were all autoclaved before use. 
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Table 3.6. Experimental conditions in Experiment 2. 

Aqlleolls 

TKEBS 

Set 1 Set 2 Set 3 Set 4 Set S Set 6 Set 7 Set 8 Set 9 

Conccntration 

(~lmllI/L) 
81 810 8100 81 810 8100 810 8100 81000 

Soil 
in the sample 

No No No Yes Yes Yes Yes Yes Yes 

Opcn or closed 
System 

Closed Closed Closed Closed Closed Closed Open Open Open 

Experimental sets 1, 2, and 3 contained TKEBS solutions at three different 

concentrations, 81 /lmollL, 810 /lmollL, and 8100 /lmo lIL, respectively. The 

solutions were made by adding known amounts of TKEBS into SO-mL autoclaved 

DI water in 12S-mL ample glass bottles. The DI water had been previously 

adjusted to pH8 by the addition of sodium hydroxide without any buffer inside. The 

TKEBS solution was shaken 30 min by a wrist shaker in order to generate a 

homogeneous emulsion. The emulsion was added to 1.S-mL glass vials capped 

with Teflon lined rubber septa to prevent water evaporation. Each vial contained 

0.2-mL TKEBS solution. They were stored at the 200 e room during the course of 

the kinetic study. 

Set 4, S, and 6 followed the same procedure above, but each l.S-mL vial 

was loaded O.SOS g of soil belonging to group 3 in Table 3.4. The injection of 0.2

mL TKEBS solution completely immersed soil in water to form a water-saturated 

soil system. The vials were then capped with Teflon lined rubber septa and stored 

at the 200 e room. 

Set 7, 8, and 9 were soil solutions at three different TKEBS concentrations, 

810 /lmollL, 8100 /lmollL, and 81000 /lmollL, respectively. The same procedures 
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as used in sets 4, 5, and 6 were applied. However, the samples were not capped in 

order to form a gradually air-dried soil system. The uncapped vials were stored at 

the 20°C room. The relative humidity of the room was lower than 70% during these 

experiments. The same dichloromethane extraction procedure was used in all the 

tests. 

3.3.3 Experiment 3: Partitioning behavior of 2-ethylbutanol between water and 
TKEBS. 

Once TKEBS is hydrolyzed to 2-ethylbutanol, this hydrolysis product will 

distribute itself in water, pure TKEBS, and geological material of interest. In this 

experiment, we investigated the partitioning behavior of 2-ethylbutanol between 

TKEB S and water. 

A small amount of 2-ethylbutanol was originally present in TKEBS at a 

concentration of 1.8 giL. We, therefore, performed the experiments with the 

preexisting 2-ethyllbutanol. TKEBS and water were injected into 1.5-ml 

polypropylene centrifuge tubes to form different volume ratios in the two phases. 

The centrifuge tubes were agitated on a vortex mixer for 20 min, and then 

centrifuged at a speed of 10000 rpm for 7 min. I-uL TKEBS solution and O.4-mL 

water solution were obtained by a microliter syringe and a mililiter syringe, 

respectively. I-uL TKEBS solution was mixed with I-mL dichloromethane for GC 

analysis, and O.4-mL water solution was extracted by I-mL dichloromethane. Both 

extracts were analyzed by GC for TKEBS and 2-ethylbutanol. 

3.3.4 Experiment 4: Effect of the hydrolytic products of tetraalkoxysilanes on their 
hydrolysis rates. 

The reversible stepwise hydrolysis of tetraethoxysilane (TEOS) and 

tetramethoxysilane (TMOS) was suggested by Sanchez and McCormick (8). They 

found that the ratio of forward rate to reverse rate of hydrolysis becomes lower as 
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hydrolysis reaction is more complete (8). Therefore, the generation of alcohols 

through hydrolysis reactions of tetraalkoxysilanes may decrease their overall 

hydrolysis rates due to reversible hydrolysis mechanism. Another possibility is the 

hydrolysis product inhibition on the catalytic sites of the soil particles. 

In order to evaluate this phenomenon, we placed the soil samples containing 

a silicon compound into a system that contained the corresponding alcohol vapor, 

and compared the results with the same soil sample in a system without alcohol 

vapor. A cartoon in Figure 3.2 visualizes this experiment. 

Alcohol vapor 
generated by pure 

liquid alcohol at the 
bottom of the 

centrifuge tubes 

A filter in the centrifuge tube 
holding soil samples containing 

a silicon compound 

Figure 3.2 A cartoon to illustrate Experiment 4. 

We applied the carrier solvent technique to add silicon compounds in soil 

samples. The soil particles that we used in this experiment belong to group 4 (see 

Table 3.4) and were preequilibrated with the ambient humidity. I8-mg TBOS and 

TKEBS were added on soil samples, respectively. Two of the soil samples 

containing TBOS were transferred to I.S-mL centrifuge tubes that include filters 
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inside. The centrifuge tube is separated into two compartments by the filter. The 

soil particles were held by filter in the upper compartment and I-butanol (or 2

ethylbutanol) was added in the lower compartment. All the centrifuge tubes were 

sealed by parafilm to form a closed system. Two additional soil samples containing 

TBOS were put into the centrifuge tubes without the alcohol vapor inside. The soil 

samples containing TKEBS followed the same procedure, except that 2

ethylbutanol was added in the lower compartment of the centrifuge tubes. The 

period of incubation was three days. The extraction procedure was the same as used 

in Experiment 1. 

3.3.5 Experiment 5: Abiotic transformations of three tetraalkoxysilanes on air-dried 
soil particles with diameters between 0.149 mm - 0.297 mm at different levels of 
humidity. 

It has been demonstrated that water content of clay can affect the hydrolysis 

rates of certain pesticides and PDMS (poly[dimethylsiloxane]s) significantly (15, 

18). The effect of the hydrocarbon moiety of tetraalkoxysilanes and water content 

of air-dried soil on the hydrolysis rate was therefore investigated. 

In order to evaluate the effect of water contents on the transformation of 

tetraalkoxysilanes with different hydrocarbon moieties, 18-mg tetraalkoxysilane 

(TPOS, TBOS, or TKEBS) was added on the soil samples (0.505 g) preequilbrated 

with the various humidity controls listed in Table 3.3. Different levels of humidity 

can produce different water contents in the soil samples. After adding the silicon 

compounds, the samples were stored in their humidity control chambers in the 20D e 
room. The incubation time was 43 hours for all the samples. The water contents of 

the soil samples at different levels of humidity were also measured. The samples 

were then extracted using the procedure described in Experiment 1. 
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3.3.6 Experiment 6: Kinetic study on the abiotic transformation of TKEBS with 
two different soil particle sizes. 

The surface area on the soil particles can affect the rate of surface-catalyzed 

hydrolysis. On the same weight basis, smaller particles would be expected possess 

larger surface area than larger particles. We, therefore, would like to test the 

catalytic ability of two different sizes of soil particles. 

The larger particles were those belonging to group 2 (Table 3.4) and the 

smaller particles were those belonging to group 6. They both were preequilibrated 

with ambient humidity. Soil samples were spiked with a 0.2-mL mixture of 

different known amounts of TKEBS and dichloromethane (DCM). The soil 

samples were transferred to the 20°C room for the one-day batch incubation test. 

3.3.7 Experiment 7: Kinetic study on the abiotic transformations of three 
tetraalkoxysilanes on air-dried soil particles with diameters between 0.149 mm 
0.297 mm at three different water contents. 

Active site theory tells us that reaction rate in a catalyzed reaction IS 

dependent on the concentrations of reactants. In this experiment, the concentration 

effect at different water contents on the hydrolysis rates of tetraalkoxysilanes was 

investigated. 

The kinetics of the abiotic transformations of TPOS, TBOS and TKEBS 

were investigated using the same protocol as described in Experiment 5, except that 

the soil particles belonging to group 4 was used (Table 3.4). The soil samples were 

previously incubated in the 20°C room at different relative humidity levels, 32%, 

80%, 98% RH, respectively. After adding different amounts of tetraalkoxysilane 

ranging from 0.36-mg to 18-mg tetraalkoxysilane on the soil samples (0.505 g), 

those samples were stored in original humidity control environments. Because 

TKEBS has four bulkier hydrocarbon moieties, we expected that it is more difficult 

to hydrolyze. We, therefore, used a longer incubation time for TKEBS to achieve a 
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great mass loss. The incubation time for TPOS and TBOS was 12 hr while 24 hr 

was used for TKEBS. The same extraction procedure was used. 

3.4 Extraction method 

The transformations of the tetraalkoxysilanes were determined by 

dichloromethane (OCM) extraction and gas chromatography. The concentrations of 

tetraalkoxysilanes, 2-ethylbutanol, and I-butanol were monitored by liquid-solid 

extraction of total amount of soil (O.SOS g) with OCM (l-mL). After DCM 

addition, the sample was agitated on a vortex mixer for S min. A preliminary study 

showed that the extraction efficiency was not improved by extending agitating time 

to 20 min or by agitating S min again the sample that has been added OCM and 

agitated one day ago. Every six agitated samples were tightly placed into a 2S-mL 

plastic tube. The soil and DCM was separated by centrifugation at 3000 rpm for 10 

min after the plastic tubes containing the agitated samples were loaded to the 

centrifugation machine. DCM extract was then diluted to a suitable concentration 

for GC analysis if its concentration was too high. A I-uL DCM extract (or diluted 

extract) was then injected into a HP-S890 gas chromatograph. 

3.5 Analytical method 

The HP-S890 gas chromatograph equipped with a flame ionization detector 

(FlO). The chromatographic separation was performed by a Rtx-S column (30m x 

0.32mm, 0.2S-flm film) from Restek, Inc. (Bellefonte, PA). The inlet temperature is 

2S0°C and the detector temperature is 2S0°C. Air flows over the detector at 390 

mLimin. The carrier gas, Helium, flows at 30mLlmin. A sample chromatograph is 

provided in Appendix A. 
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Initial GC temperature was 35°C for 5 mm, and was then increasing at 

40°C/min to 250°C. The final time at 250°C was 4 min. The retention time and 

concentration range for each compound in our study are listed in Table 3.7. The 

four-point standard method was used for calibration. 

Table 3.7. Retention times and concentration ranges of compounds monitored. 

TPOS TBOS TKEBS I-butanol 2-ethylbutanol 

Retention time 

(min) 

11.14 12.52 14.28 4.80 7.78 

Concentration range 

mg/L-mg/L 

2-540 2-540 2-540 2-960 2-960 

3.6 Data processing 

The data shown in next chapter are the average values from each set of 

duplicate samples. The relative deviation of most measurements was within ten 

percent of their average values. The results indicate that the addition procedure was 

highly reproducible. Due to the precision of tetraalkoxysilanes' measurements and 

the possible experimental error, a difference of less than 10% of measured value 

should be considered insignificant. 

Although the disappearance of tetraalkoxysilanes may be caused by both 

adsorption and transformation, we found that extending the extraction time from 5 

min to 20 min did not enhance the amount extracted. Therefore, the amount of 
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transformation of tetraalkoxysilanes In this work is defined by the amount of 

disappearance, which may include some tetraalkoxysilanes that are hard to 

extracted. The rate of transformation was calculated based on the mass removed 

divided by the time of reaction. Therefore, it is an average rate of transformation 

instead of instantaneous rate. The concentration of a tetraalkoxysilane is referred to 

as the amount of the compound per gram of soil. The results and discussions of 

each experiment are presented in the following chapter. 
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Chapter 4 

Results and Discussions 

The results of the experiments are presented in this chapter. They follow the 

same sequence of the experiments as described in Chapter 3 (pp. 25-31). Section 

4.8 provides a detailed discussion of the experimental results. Section 4.9 deals 

with model analyses. Section 4.10 concludes the results in this study. All the data 

of the figures in this chapter are included in Appendix E. 

4.1 Experiment 1: Abiotic transformation of TKEBS in the presence of air-dried 
sieved soil particles. 

We evaluated the catalytic ability of different size soil particles in this 

experiment. The experimental method is described in Section 3.3.1 of Chapter 3. 

The transformation of TKEBS was observed in all size fractions of the soil 

particles tested (Figure 4.1.a). The amount of TKEBS transformed after two days 

increases as the size of particle increases despite the likely higher surface area and 

possibly more catalytic sites in smaller particles. This observation may be caused 

by slower evaporation of solvent (methanol) from the system with smaller soil 

particles since slower evaporation can defer the direct contact of TKEBS to soil 

surface. By the sixth day, the amount of TKEBS remaining in each particle size 

was almost the same. The results indicate that the transformation rate is not 

sensitive to the size of the particles at this low TKEBS-soil concentration (0.6Ilmol 

(TKEBS)/g(soil)). Although the reaction vials were open, a significant amount of 

2-ethylbutanol, one of the hydrolytic products of TKEBS was measured (Figure 

4.1.b). 

An interesting observation is that the smaller size of particles retained more 

2-ethylbutanol after two days of reaction. This observation is attributed to the 

slower volatilization of methanol that may trap partially this hydrolysis product in 
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the system or slower 2-ethylbuanol volatilization. After two days of reaction, over 

ninety percent of 2-ethybutanol was recovered from the samples of silt-and-c1ay 

like soil, and no significant amount of other intermediate products (uncompleted 

hydrolytic products) were observed. 2-ethylbutanol is the major transformation 

product in the catalytic system, as expected. 
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Figure 4.1.a. Abiotic transformations of TKEBS on various sizes of air-dried soil 
form the contaminated site. 
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Figure 4.1.b. Percentage of recovery of 2-ethylbutanol, as a hydrolytic product. 

The water content of the different particle sizes equilibrated with ambient 

humidity was also measured. It was expected that smaller soil particles should hold 

more water because they possess likely higher surface area that can sorb water. The 

water contents are shown in Table 4.1, and the trend shows an increase in water 

content with decreasing particle size, as expected. 

Table 4.1. Water content of various sizes of particles III Experiment 1, when 
equilibrated with ambient humidity. 

Water content #8-#16 #16-#30 #30-#50 #50-#100 #100-#200 <#200 

G(water)/g (solid) 0.027 0.025 0.032 0.045 0.073 0.098 



40 

4.2 Experiment 2: Abiotic TKEBS transformation in a water-saturated soil system 
and a gradually water-drying system. 

In this experiment, we investigated the catalyzed ability of the particles 

belonging to group 3 (see Table 3.4) in water saturated soil system and in gradually 

air-dried soil system at three different concentrations of TKEBS. Abiotic TKEBS 

transformation in aqueous phase was also evaluated. The detailed experimental 

protocol was provided in Section 3.3.2 of Chapter 3. 

The results are shown in Figure 4.2.a and 4.2.b. 2- ethylbutanol was not 

observed in samples from sets 1 to 6, thus TKEBS hydrolysis was negligible in the 

aqueous system or the water-saturated soil system during the 28-day incubation 

(Figure 4.2.a). The rates of abiotic hydrolysis of TKEBS in this aqueous system 

were substantially lower than those reported by Vancheeswaran et ai. (4, 25). The 

differences may result from: 

1. 	 In this study, the batch bottles were not shaken because of the corresponding 

bottles containing soil without shaking, too. No emulsion was therefore formed. 

In the study of Vancheeswaran et aI., the batch bottles were shaken 

continuously which resulted in TKEBS emulsion being formed. The formation 

of emulsion increased the contact area between colloidal TKEBS and water, 

and thus might enhance its hydrolysis, especially if surface hydrolysis was 

occurring, as speculated by Vancheeswaran et ai. (25). 

2. 	 No buffer or chemical poison control (HgCb) was added to our system. The 

added chemicals may either become nucleophiles attacking TKEBS or interact 

with TKEBS through coordination, and therefore, facilitate the hydrolytic 

reaction (22, 23). 
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Figure 4.2.a. Abiotic TKEBS transformation in three different systems at various 
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The drier conditions facilitated the catalyzed hydrolytic reaction (Figure 

4.2.a). The concentration effect on gradually air-dried samples is shown in Figure 

4.2.b. As TKEBS concentration increases, the time required completing TKEBS 

hydrolysis increases (Figure 4.2.b). The samples of set 7 show almost complete 

transformation after seven days of reaction. The deviation in these three set of 

samples are much larger than others. The highest deviation was 40% of the average 

value of each set of duplicate samples. Such a high deviation may result from the 

non-uniform deposit of TKEBS emulsion on particles, or different rates of drying 

of the soil. 

4.3 Experiment 3: Partitioning behavior of 2-ethylbutanol between water and 

TKEBS 

2-ethylbutanol produced by the hydrolysis of TKEBS will partition to the 

residual TKEBS, groundwater, air and geological material in the subsurface. Since 

2-ethylbutanol is a potential electron donor to benefit the dehalogenation of TCE at 

the site, its behavior in the environment is of interest. The experimental protocol 

used can be found in Section 3.3.4 of Chapter 3. 

The results of this experiment are shown in Figure 4.3a and 4.3.b. The 

results are well fit with a Freundlich isotherm. This type of isotherm indicates that 

the distribution coefficient will change as a function of solute concentration. 2

ethylbutanol is more favorable in TKEBS phase at low concentration (Figure 

4.9.a). Therefore, distribution coefficient decreases as the volume ratio of TKEBS 

to water increases. 

Several researchers observed that higher concentrations of sorbents result in 

lower partitioning coefficients for hydrophobic compounds and heavy metals. This 

phenomenon has been attributed to be the colloidal binding agents from the 
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sorbents that can not be separated from water (12, 13). We suspect that colloidal 

TKEBS may be left in water solution after centrifugation. Those colloidal TKEBS 

might be a binding agent that caused more 2-ethylbutanol in water phase. However, 

TKEBS concentration in water solution did not show any relationship with 

distribution coefficient, Kd (Figure 4.3.c). 

1600 .---_____________________--, 
.....l o Measured concentration --Freundlich isotherm Oil 1400 
g 
VJ 1200 
co
t2 1000 

f- 800::: 
g 600 

y = 37.686xO 004 

E 400 
.~ 

R2 = 0.989 
OJ 

g 200 
o u a ~_~________~__~-------~ 

o 50 lOa 150 200 250 300 350 400 

Concentration in water (mglL) 

Figure 4.3a. Measured 2-ethylutanol concentrations in two different phases. A 
Freundlich isotherm fits to the data. 
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Figure 4.3.b. Effect of volume ratio on measured distribution coefficient. 

8 -,-__________________________________________, 

o o 
6 _ 


o o 

Kd 4 
 o o 00 o o 

2 _ 

o +-----,-----.------r-----r-----r-----,----~ 
o 	 200 400 600 800 1000 1200 1400 

TKEBS concentration in water phase (mg/L) 

Figure 4.3.c. Plot of TKEBS concentration in water phase versus distribution 
coefficient, Kd• 



45 

4.4 Experiment 4: Effect of the hydrolysis products of tetraalkoxysilanes on their 
hydrolysis rates. 

The purpose of this experiment is to evaluate the effect of the hydrolysis 

products of tetraalkoxysilanes on the soil-catalyzed hydrolysis rates of 

tetraalkoxysilanes. Two tetraalkoxysilanes were used, TBOS and TKEBS. The 

experimental method is described in Section 3.3.4 of Chapter 3. 

The effect of the hydrolysis products, the corresponding alcohols, on the 

transformation rates of tetraalkoxysilanes was tested. The results are shown in 

Figure 4.4. 
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It is clear to see that TBOS transformation decreased significantly in a 1

butanol saturated system with a reaction time of three days, but only small 

difference in TKEBS transformation was observed. This inhibition effect may 

result from several factors. 

a) 	 The catalyzed hydrolytic reaction may be reversible. The reversible 

stepwise hydrolysis of tetraethoxysilane (TEOS) and tetramethoxysilane 

(TMOS) was suggested by Sanchez and McCormick (1992). In the view 

of hydrolysis kinetics, they found that the ratio of forward rate to 

reverse rate of hydrolysis becomes lower as hydrolysis reaction is more 

complete (8). 

b) 	 The desorption of the alcohol from catalytic sites is slowed due to high 

vapor pressure of the alcohol in the system. 

c) 	 The corresponding alcohol may retard or hinder tetraalkoxysilanes to 

access the catalytic sites. 

Since no appreciable amount of hydrolytic intermediates (partially 

hydrolyzed TBOS or TKEBS) was observed, the first reason seems not likely. If 

the third mechanism is important, it is possible that other organic compounds that 

are transported through vapor phase will also reduce the transformation rate of 

tetraalkoxysilanes, too. More detailed studies are needed to determine whether the 

second factor and/or the third factor are important for hydrolysis inhibition. 

4.5 Experiment 5: Abiotic transformations of three tetraalkoxysilanes at air-dried 
soil particles with diameters between 0.149 mm - 0.297 mm at d(fferent levels of 
humidity. 

Water content in soil can affect the catalytic ability of soil significantly (15, 

18, 26). The various water contents of soil can be achieved through the humidity 
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control technique described in Chapter 3 (Section 3.2.2). The experimental method 

used is described in Section 3.3.5 of Chapter 3. 

Figure 4.5.a. shows the humidity effect on abiotic transformation of three 

tetraalkoxysilanes, TPOS, TBOS, and TKEBS. It illustrates how the transformation 

of all three compounds is affected by the change of the humidity. As the relative 

humidity decreases, the transformation rates increase for all three compounds. The 

transformation of TPOS and TBOS is more sensitive to changes in relative 

humidity than TKEBS. The amount of transformation in 43 hours increases 4.6 fold 

for TPOS, 4.1 fold for TBOS and 2.1 fold for TKEBS when the relative humidity 

decreases from 100% to 15%. Similar trends in data are obtained when plotting the 

amount transformed versus water content of the soil. The water content was 

determined using the data presented in Figure 4.5.c. 
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Figure 4.5.a. Effect of various degrees of relative humidity on the abiotic 
transformation of the concentration of 0.0356 g (tetraalkoxysilanes) per gram of the 
soil particles (0.149 mm - 0.297 mm) in 43 hours. 
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Figure 4.5.b. Effect of various degrees of water content on the abiotic 
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Figure 4.5.c. Relationship between relative humidity and water content for the soil 
(0.149 mm - 0.297 mm). A Langmuir isotherm fits to the measured data. 
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The relationship between relative humidity and water content in the soil is 

shown in Figure 4.5.c. These data were also used to determine the water content in 

Figure 4.5.b. The model was obtained using a nonlinear least-squares method. The 

best-fit parameters were generated by applying the Solver function under the 

Formula Menu in Excel to find the parameters that minimize the summation of the 

square errors between the measurements and the values given by the model. 

According to the theoretical derivation of Langmuir isotherm, the parameter W m 

stands for the water content when a monolayer of water is formed on soil surface 

and the parameter b is an empirical constant. Although the results suggest that 

water may form a monolayer on the soil particles, the W m value in this experiment 

was substantially higher than the Wm values «15 mg[water]/ g[soil]) derived from 

BET isotherms for various soils reported by Valsaraj (31). We, therefore, deduced 

that the increase of water content might result from that water condensed in pores 

as relative humidity increased. 

4.6 Experiment 6: Kinetic study on the abiotic transformation of TKEBS with two 
different soil particle sizes. 

TKEBS transformation was observed with two different soil particle sizes. 

Both sizes of soil particles were equilibrated with ambient humidity. The detailed 

experimental conditions for these tests are provided in Section 3.3.6 of Chapter 3. 

The water content was 1.9% (g waterlg soil) for the largest particles (0.59 mm-1.19 

mm), and 7.5% for clay-and-silt like particles «0.074 mm). The trends of increase 

in rate with increase in surface concentration were observed (Figure 4.3). The trend 

and magnitude of TKEBS transformation for two different sizes of particles that 

were equilibrated with ambient humidity are very similar throughout a wide range 

of TKEBS concentration tested. Based on high water content unfavorable for 

catalytic hydrolysis (Figure 4.5.b), we might think that smaller particles were in 

unfavorable conditions because the water content of the small particles was higher 

than the water content of larger particles. We might deduce that smaller particles 

should have greater catalytic capacity. However, it is difficult to tell which particle 
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size possesses greater catalytic capacity because the deduction above has several 

hidden assumptions. Figure 4.S.b only indicates the change of the catalytic ability 

along with the change of water content in a "specific" particle size. The 

mechanisms that are responsible for the catalyzed hydrolysis are unknown. The 

water content in soil is related to its surface area and the type of geological 

material. Therefore, under the same humidity control, the water content could be 

very different for the different sizes of particles. 
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Figure 4.6. Abiotic transformation rate of TKEBS on two different particle sizes as 
a function of increasing TKEBS concentration. 

The transformation rate initially increases as the TKEBS concentration 

increases. However, the increase in rate slows as the concentration approach 32 

Jlmol/g. A point of inflection occurs between 30Jlmol/g and 40Jlmol/g for each soil 

size. At low concentration, the trend follows a typical enzyme catalytic reaction or 

a surface-catalyzed reaction. The reaction is first order at lower concentration and 

zero order at higher concentration. After the concentrations are greater than their 
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inflection values, both sizes of particles show additional transformation capacity. 

The transformation rate significantly increases as concentration increases. This 

phenomenon was also observed with the transformation of the other 

tetraalkoxysilanes, which are provided within the results of Experiment 7. 

4.7 Experiment 7: Kinetic study on the abiotic transformations of three 
tetraalkoxysilanes at air-dried soil particles with diameters between 0.149 mm 
0.297 mm at three different water contents. 

The impacts of three different water contents on transformation rates at 

various concentrations were evaluated in this experiment. The experimental method 

is described in Section 3.3.7 of Chapter 3. Three levels of relative humidity 32%, 

80%, and 98% were used to generate three different water contents. The 

experiments were performed with soil particles with diameters between 0.149 mm

0.297 mm. 

The samples with humidity control were spiked with the tetraalkoxysilane 

of interest and left under fume hood to volatilize the carrier solvent. The water 

content of the samples in 98% relative humidity control decreased from 6.8% to 

6.1 % during the volatilization process. After being placed in the humidity control 

chamber, the water content in the soil samples increases to 6.5% after 12 hr and 

6.7% after 24 hr. We will use 6.5% as a representative water content for this set of 

samples. The change of water content in other soil samples is much smaller. The 

samples under 32% relative humidity control yielded a water content, 3.9%, and the 

80% relative humidity yielded a water content, 5.1 %. 

Based on active-site theory for monolayer coverage, a first-order reaction 

can be expected at very low concentration range with adsorption controlling the 

transformation rate (17). Namely, the increase ofreaction rate is proportional to the 

increase of reactant concentration, and the adsorption of reactant molecules to the 

active sites is the rate-limiting step. At higher concentrations, the surface will 

become increasingly saturated with reactant molecules. If reactions are not rapid 
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enough, surface reactions may become controlling (rate-limiting step), causing the 

increase of reaction rates slow down or even stop. Another mechanism, desorption 

controlling, may occur when the reactants on the surface react rapidly but the 

products do not desorb rapidly. In this case, the reaction will behave as a zero order 

reaction at high concentrations (17) . 
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Figure 4.7.a. Effect of humidity and initial concentration on the transformation 
rates of three tetraalkoxysilanes. Open legends represent the samples with water 
content of 3.9%, and solid legends represent those samples with water content of 
6.5%. 
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At a water content of 3.9%, all compounds show typical trends of a solid

catalyzed reaction throughout the studied concentrations (Figure 4.7.a). The three 

compounds exhibit nearly first order transformation at low concentrations (Figure 

4.7.b). The result indicates that the adsorption controlled hydrolysis is a plausible 

mechanism at low concentrations. As the concentrations increase, the reactions 

depart from a first order transformation. All compounds show a slower rate 

increase at higher concentrations. The result suggests that the mechanism may shift 

to reaction controlling. TPOS and TBOS have very similar transformation rates up 

to the concentration of 70Jlmol/g. The transformation rate of TKEBS is much 

slower than that of TPOS or TBOS. 

At water content of 6.5%, the transformation rates for three compounds are 

very close to the rates at water content of 3.9% when concentrations are very low. 

The rates at water content of 6.5% depart from first order transformation at a lower 

concentration than those at water content of 3.9%, and finally reach an inflection 
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value. After the concentrations exceed the inflection value, the rates increase again. 

Since the transformation rates at water content of 5.1 % has similar values as rates 

obtained at a water content of 6.5%, the data of water content of 5.1 % was not 

included in Figure 4.7.a/b. Those data are presented in Appendix B. 

The effect of water content on the transformations of three compounds is 

also illustrated in Figure 4.7.a. As water content decreases from 6.5% to 3.9%, the 

transformation rates of TPOS and TBOS significantly increase as the concentration 

increases. Transformation rates of both compounds were very similar at 

concentrations lower than 3/lmol/g (Figure 4.7.b). The rates of TKEBS hydrolysis 

are less dependent on water content. Water content appears to have less effect on 

the hydrolysis rate ofTKEBS than it has on TPOS and TBOS. 
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4.8 Discussion ofexperimental results 

Abiotic transformations of TKEBS and other lower homologues of 

tetraalkoxysilanes on the air-dried solids from Site 300 have been demonstrated in 

this work. As expected, 2-ethylbutanol is identified as the major product of the 

catalyzed hydrolysis of TKEBS (Figure 4.l.b). Although no significant hydrolysis 

of TKEBS was found either in a natural aqueous system or in a water-saturated soil 

system after 28 day reaction, rapid hydrolysis was observed as the soil particles 

became drier (Figure 4.2.a/b). The abiotic TKEBS hydrolysis rates in aqueous 

system reported by Vancheeswaran et al. (25) was essentially higher than those in 

our experiments (Table 4.2). The difference could result from the buffer or the 

chemicals for poison control, which may possess catalytic ability. Another 

possibility is that the TKEBS emulsion caused by vigorously shaking may promote 

the direct hydrolysis occurring on the surface of TKEBS droplets, as suspected by 

Vancheeswaran et al. (25). 

The comparison of the hydrolysis rate of TKEBS among different 

experimental conditions was presented in Table 4.2. Since the initial concentrations 

of TKEBS were not the same in these experiments, the hydrolysis rates were 

simply defined by the fraction of TKEBS transformed divided by reaction time. 

Table 4.2 shows that the fastest TKEBS transformation is caused by aerobic 

microorganisms. Although TKEBS transformation resulted from solid catalyzed 

hydrolysis is slower than that caused by microorganisms, the solid-catalyzed 

transformation rates are still substantially larger than those in various aqueous 

systems. 

The solvents used to add TKEBS to air-dried soil can affect the hydrolysis 

rates. Since dichloromethane is very volatile, able to form homogenous mixture 

with TKEBS, and low affinity with water, it results in fast and uniform deposit of 

TKEBS on soil and little interaction with the water adsorbed on soil. Therefore, the 

transformation rates measured using dichloromethane as a carrier solvent are larger 
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than those measured usmg methanol or water as a solvent. Thus, usmg 

dichloromethane as a carrier solvent is suitable for kinetic study on solid-catalyzed 

hydrolysis but the hydrolysis rates may be overestimated compared to the field 

conditions. 

Table 4.2. Comparison of the hydrolysis rates among different experimental 
conditions. 

Experimental conditions 
Hydrolysis rate 

(% per day) 
Reference 

pH 7, 32 /lM (TKEBS) in water, abiotic 0.15 (25) 

pH 9, 32 /lM (TKEBS) in water, abiotic 0.28 (25) 

pH 5, 32 /lM (TKEBS) in water, abiotic 0.15 (25) 

pH 7, 320 /lM (TKEBS) in water, abiotic 1.25 (25) 

pH 7, 64 /lM (TKEBS) in water with 9 mg cells 
(aerobic microorganism) 

48 (25) 

0.6 /lmol (TKEBS)/g (air-dried soil), abiotic, 
mixture of TKEBS and methanol added to dry soil, 

a gradually air-dried system 
14 Experiment 1 

1.6 /lmol (TKEBS)/g (air-dried soil), abiotic, 
mixture ofTKEBS and DCM added to dry soil, 

a gradually air-dried system 
30 Experiment 7 

32 Ilmol (TKEBS)/g (air-dried soil), abiotic, 
mixture ofTKEBS and water added to soil, 

a gradually air-dried system 
14 Experiment 2 

320 /lmol (TKEBS)/g (air-dried soil), abiotic, 
mixture ofTKEBS and water added to dry soil, 

a gradually air-dried system 
5.8 Experiment 2 

3200 /lmol (TKEBS)/g (air-dried soil), abiotic, 
mixture of TKEBS and water added to dry soil, 

a gradually air-dried system 
4.4 Experiment 2 

pH 8, 81 /lM -810 /lM (TKEBS) in water, abiotic, 
either in aqueous or water-saturated soil systems 

< 0.1 Experiment 2 
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The hydrolysis products of tetraalkoxysilanes, their corresponding alcohols, 

can inhibit the catalyzed hydrolysis reaction to differing degrees. The catalyzed 

hydrolysis of TBOS is significantly inhibited, but, meanwhile, TKEBS 

transformation is slightly inhibited (Figure 4.4). The results suggest that the 

different affinity of hydrolysis products with water may be responsible for the 

different degrees of inhibition. 2-ethylbutanol as a hydrolysis product of TKEBS 

has greater affinity with TKEBS than water. The greater affinity of 2-ethylbutanol 

with TKEBS should result from its large hydrophobic hydrocarbon group. Because 

of I-butanol with a smaller hydrocarbon group, it should have greater affinity with 

water, compared with 2-ethylbutanol. I-butanol, therefore, may strongly associate 

with the water around the catalytic sites and impede the catalytic process. 

Soil catalyzed hydrolysis of tetraalkoxysilanes at lower level of humidity 

control exhibits a greater transformation rate (Figure 4.5.a/b). The results suggest 

that excess water is unfavorable for soil catalyzed reactions. It is consistent with the 

studies of PDMS (silicone polymers) and certain pesticides that possess chemical 

structures similar to tetraalkoxysilanes (15, 18). The amount of transformation in 

43 hours increased 4.6 fold for TPOS, 4.1 fold for TBOS and 2.1 fold for TKEBS 

when the relative humidity decreased from 100% to 15%. These results indicate 

that TKEBS hydrolysis is not as sensitive to the change of relative humidity as 

TPOS and TBOS. 

Before we discuss the relationship between their chemical structures and the 

hydrolysis rates, it may be helpful to mention the similar studies that have been 

done on other compounds in aqueous phase. Taft and Pavelich reported that the 

hydrolysis rates of carboxylic acid esters (RJ -[C=O]-O-R2) could be estimated by 

their structures (6). In other words, it is possible to quantify the hydrolysis rate of 

an aliphatic compound by summing up the contributions of individual moieties to a 

reference compound. Their study showed that the change from n-C3H7 to n-C4H9 

only resulted in a small decrease of hydrolysis rate, but the change from n-C3H7 to 

i-C4H9 (a branched system) significantly decreased the hydrolysis rate. They 
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i-C4H9 (a branched system) significantly decreased the hydrolysis rate. They 

observed that bulky substituents close to the reaction center and without strong 

capability of withdrawing electrons could significantly decrease the reaction rates. 

At the same humidity, our results show that the relative magnitude of 

average hydrolysis rates for three compounds as follows: TPOS>TBOS>TKEBS. 

The trend is opposite to the sizes of their hydrocarbon moieties (propane<l

butane<2-ethylbutane). It suggests that a bulkier hydrocarbon moiety may cause 

higher activated energy for hydrolysis, especially a branched hydrocarbon moiety. 

Our observations agree with Taft relationship mentioned above. They are also 

consistent with the observations of the hydrolysis rates in the aqueous phase (4, 25) 

The transformation of TKEBS was also observed in all size fractions of the 

soil particles tested (Figure 4.1.a). The trend and magnitude of the hydrolysis 

transformation of TKEBS throughout a wide range of initial surface concentrations 

are very similar in two very different sizes of particles (Figure 4.6). The results 

indicate that the catalytic sites must exist in all particle sizes. Further studies are 

needed to identify the sources of the catalytic ability in the soil and the abundance 

of the catalytic sources in the two different particle sizes. 

4.9 Model analysis 

Since several curves shown in Figure 4.7.a have the shape expected for 

surface-catalyzed reactions which have mechanism similar to enzyme-catalyzed 

reactions, an attempt was made to seek a rate expression and to find a plausible 

mechanism. 

A surface-catalyzed reaction has the form of a Michaelis-Menten equation 

as proposed by Hamker (19, 20). This equation can be written in the general form 

dC k max C 
(4.1)

dt Ks + C 
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kmax is the maximum velocity, and Ks, is the Michaelis constant. 

kmax can be related to the available active sites, and the transformation rate 

of a complex, k+2. Because several different mechanisms can lead to the Michaelis

Menten equation, Ks is somewhat more complex in nature. Table 4.3 summarizes 

three types of Ks resulting from different kinetic mechanisms. The parameter Ks 

can be considered as an indication of the ability to form a complex and may be also 

influenced by the complex transformation rate, k+2. When this model is used to 

describe the hydrolysis mechanism, sufficient water molecules are assumed to 

attach around the active sites, namely, water is always available during the period 

of hydrolysis. 

Table 4.3. Three different reaction mechanisms resulting III the form of a 
Michaelis-Menten equation. 

Mechanism kmax Ks 

k+\ k+2 

(1) R+S~===-+ RS ===-+S+P 
k.\ 

kmax=k+2*So Ks=(k I+k+2)/k+ I 

K' 5 k+2 

(2) R+S+-===-+ R~ ===-+S+P kmax=k+2 * S
O Ks=K's=k1/k+1 

k+\ k+2 

(3) R+S====-+ RS ====-+S+P kmax=k+2 * S
O 

Ks=k+2/k+l 

k+h k.\, k+2 are kinetic parameters. Ks' are equilibrium constant, 

Ks=R *S/(RS) 

+-==-+ is a reversible reaction. ===-+ is a irreversible reaction. 

R = reactant, P = product, S = active site, RS = activated complex, So = total available sites. 
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The assumption III the first mechanism is that the concentration of 

intermediate RS is a constant. Three kinetic rate parameters are required to describe 

the mechanism. k+\ is the forward rate of forming a complex, k\ is the rate of 

dissociating a complex, and k+2 is the complex transformation rate. These three 

parameters yield the Ks (Table 4.3). In the second mechanism, one assumes that 

complex, reactant, and active site are always in equilibrium. When k+\ and k\ are 

much larger than k+2, the first mechanism can reduce to the second mechanism; Ks 

becomes equal to K's if is given by k\/k+\ If one assumes that the first step is 

irreversible (k\ is very small) and the concentration of intermediate RS is a 

constant, the first mechanism can reduce to the third mechanism. It is difficult to 

distinguish these three mechanisms unless one can measure the concentration of the 

activated complexes. 

Two methods were evaluated to analyze the kinetic data in order to 

characterize the possible catalyzed hydrolysis mechanism, the method of least 

squares and the integrated method (17). The former method can gIve us an 

objective way to treat the data, but may fail to tell the true mechanism without 

additional statistical analyses or mechanistic judgements. The advantage of the 

integrated method is that the plotting process allows us to visually evaluate the 

goodness of fit of the rate equation to the data. In our analyses, we apply the linear 

least-squares analysis of the integrated Michaelis-Menten equation to estimate the 

parameters. 

The Michaelis-Menten equation can be written in integrated form 

K \ In( CO)
(Co-C)=k _ ' C (4.2)

t max t 

where Co is the initial concentration and C is the concentration at time t. 

By setting y = (Co-C)/t and x = In(Co/C)/t, Equation 4.2 becomes 

(4.3)y = k max - K s X 
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Therefore, if a catalytic reaction follows one of the mechanisms in Table 

4.3, it yields a straight line according to Equation 4.3. One should notice that the 

term at the left side of Equation 4.3 is equal to the average transformation rate 

shown in Figure 4.5 and Figure 4.7a/b. The data used for model analysis were 

obtained from Experiment 7. The data from Experimental 6 were also analyzed in 

the same method and the results are presented in Appendix C. The plots of the data 

according to the integrated method are in Figure 4.8.a, 4.8.b, and 4.8.c. The 

intercept on y-axis is kmax, and the slope of the line is -Ks. The order of the data 

points plotted by this method can easily be recognized. The data closer to the lower 

right comer are the data at the lower concentrations, and the data closer to the upper 

left comer are at higher concentrations. Since TKEBS hydrolysis rate is much 

smaller than TBOS and TPOS, the second x-axis and y-axis are used for illustrating 

the data of TKEBS. An issue about the effect of measurement errors on the 

estimated kmax and Ks is discussed in Appendix D. 

It is interesting to see that two regions of straight lines were observed for 

each compound at water content of3.9% (Figure 4.8.a). The data in the range of the 

lower concentrations falls in region 1 and the higher concentration data falls in 

region 2. At water content of 5.1 % and 6.5%, TPOS and TBOS both show this two

region phenomenon; however, the TKEBS data at higher concentrations fails to 

form a straight line at these two water contents. 

The transition between region 1 and region 2 occurred between 8.9 and 14.3 

mg (tetraalkoxysilanes) per gram (particles). The results indicate that a single set of 

parameters kmax and Ks from the Michaelis-Menten equation can not fully describe 

the mechanism over the range of concentration studied. Another mechanism must 

be involved at higher concentrations. 
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Table 4.4. kmax and Ks derived from linear regressions. 

Compound Water content kmax (Ilmol/glday) Ks(Jlmol/g) kmaJKs R' # of data 

TPOS 

3.9% in Region I 75±16* 16±1.8 4 ..6 0.98 4 

5.1% in Region I 27±2.9 4.6±0.9 6.0 0.93 4 

6.5% in Region 1 16±2.9 4.5± 1.5 3.7 0.81 4 

mos 

3.9% in Region 1 69±10 15±2.8 4.6 0.93 4 

5.1 % in Region 1 11±1.0 2A±0.6 4.8 0.93 4 

6.5% in Region I 8.5±0.6 1.8±OA 4.7 0.93 4 

TKEBS 

3.9% in Region 1 4.9±1.0 6.0±2.0 0.8 0.81 4 

5.1% in Region 1 3.1±0.5 6A±1.7 0.5 0.88 5 

6.5% in Region 1 4.0±OA 10±1.7 OA 0.95 5 

TPOS 

3.9% in Region 2 150±7.6 53±4.9 2.8 0.98 4 

5.1% in Region 2 49±5.5 25±8.2 2.0 0.83 4 

6.5% in Region 2 52±8.2 57±17 0.9 0.85 4 

TBOS 

3.9% in Region 2 110±6.3 31±3.7 3.5 0.97 4 

5.1% in Region 2 36±3.3 54±9.1 0.7 0.95 4 

6.5% in Region 2 48±27 120±97 OA 0.43 4 

TKEBS 

3.9% in Region 2 28±16 100±83 0.3 0.44 4 

5.1% in Region 2 Data are not suitable for linear regression 

6.5% in Region 2 Data are not suitable for linear regression 

* A±B: A = best fit parameter and B = standard error of A 
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Results of the parameters, kmax and Ks. obtained by the linear regressions are 

presented in Table 4.4. At low concentrations, the straight line gives lower kmax and 

lower Ks for each compound At high concentrations, much larger kmax and Ks 

values are generally estimated. The slope change from low concentrations to high 

concentrations is much pronounced at water content=6.5% for TPOS and TBOS 

than the slope change at water content=3.9%. 

From Table 4.4, good fits were obtained for all compounds in region 1. It 

indicates that at low and moderate concentrations, the transformation rate can be 

expressed very well by the Michaelis-Menten equation. At water content=3.9%, a 

second set of parameters can fit for the results in higher concentrations for TPOS 

and TBOS. However, at higher water content, the parameters generated by linear 

regressions are not very reliable from a statistical point of view, due to the steep 

slopes in region 2 and larger measurement error at high concentration, especially, 

for TKEBS (Figure 4.8a/b/c). Because the TKEBS data at water content of 5.1% 

and 6.5% yielded negative Ks values, no estimated parameters were found. 

Let us focus first on the kinetic parameters in region 1 in Table 4.4. The 

trend of kmax at the same water content is TPOS > TBOS > TKEBS, which is 

opposite to the order of their sizes, TPOS < TBOS < TKEBS. It agrees with the 

prediction from active site theory, that bulkier hydrocarbon moieties can increase 

the free energy of activation (6). Therefore, a larger size of tetraalkoxysilanes, 

especially with branched hydrocarbon moieties like TKEBS, is harder to be 

catalyzed. 

The kmax values for the same compound but at different water content show 

that an increase in water content from 3.9% to 6.5% decreases the kmax value for 

TPOS and TBOS. However, the kmax values of TKEBS are not sensitive to the 

change of water content. The results indicate that high water content is unfavorable 

for soil catalyzed hydrolysis of TPOS and TBOS. Since kmax is related to the 

availability of the active sites and the transformation rate of the activated complex, 

k+2 (see Table 4.3). Possible explanations are that the higher water content may 
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reduce the activated complex transformation rate, k+2, and/or reduce the availability 

of the active sites. However, the kmax values of TKEBS are indifferent to the change 

of water content. 

The Ks values show the same trend like the values of kmax. As water content 

increases, the Ks value decreases for TPOS and TBOS. The Ks values of TKEBS 

are not sensitive to the change of water content. At the same water content, the 

trend of Ks does not show any correlation to the sizes of tetraalkoxysilanes. 

The ratios of kmax to Ks for TPOS and TBOS are very similar. They indicate 

that the transformation rates at very low concentration for TPOS and TBOS should 

be very similar despite the water content in the air-dried soil. The results in Figure 

4.7.b exactly show this observation. The nearly constant ratios of kmax to Ks also 

suggest a strong correlation between kmax and Ks. The plot of kmax versus Ks for the 

data ofTPOS and TBOS in region 1 is shown in Figure 4.9. 
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Figure 4.9. Correlation between estimated kmax and Ks values for the data of TPOS 
and TBOS in region 1. 
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The relationship between kmax and Ks can be derived in the following way. 

Recall the first mechanism in Table 4.3 that kmax and Ks can be expressed in terms 

ofk+], kl' k+2 and So. 

k max k +2 * So (4.4) 

Ks (4.5) 


Substitute Equation 4.4 into Equation 4.5 by canceling k+2 and make some 

arrangements; Equation 4.5 become: 

K s = k max +~ (4.6) 
s o * k k+ I + I 

The definitions ofk+1, kl' k+2 and SO are in Table 4.2 

If we assume that the terms, SO*k+l and k]/k+], are not sensitive to the 

change of water content. Then Equation 4.6 can reduce to a linear equation. 

Ks=A*k max +B (4.7) 

Where A is equal to I/(So*k+1) and B is equal to kl/k+J 

Equation 4.7 shows a direct linear relationship between kmax and Ks as 

indicated in Figure 4.9. The coefficients, A and B, can be found from the linear 

regression in Figure 4.9. A is equal to 0.2147 (day) and B is equal to 0.1256 

(Ilmol/g) 
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Based on the assumption that that the terms, SO*k+, and k,/k+" is not 

sensitive to the change of water content, the change of kmax, and Ks at different 

water content must result from the change of the transformation rate of the 

activated complexes, k+2 . Therefore, the relationship between Ks and kmax suggests 

that the increase of water content is unfavorable for the active complex 

transformation for TPOS and TBOS at the concentration in region 1. Since the 

hydrolysis of tetraalkoxysilanes can be either acid- or base-catalyzed (25), one can 

suspect that the decrease of water content may cause the water in soil to become 

more acidic or basic, which facilitates the hydrolysis of tetraalkoxysilanes in drier 

soil. The pH condition can affect the hydrolysis rate at any concentration of 

tetraalkoxysilanes; therefore, one can expect that the kinetic parameters that 

describe the hydrolysis rate at very low concentrations will be different. However, 

our model analyses indicate that a constant pseudo-first order rate coefficient 

(kmax/Ks) can describe the hydrolysis kinetics at low concentration regardless of the 

change of water content. Therefore, the major catalytic ability of the soil is not 

likely due to the different pH condition caused by the change of water content in 

soil. 

The values ofkmax in region 2 at water content of 3.9% still follow the trend, 

TPOS > TBOS > TKEBS. The kmax values in region 2 are larger than the values in 

region 1. One plausible explanation is that mutilayers of tetraalkoxysilanes form on 

soil surface at high concentrations and the catalyzed reaction occurs simultaneously 

at other layers besides the layer closest to the active sites. The values of Ks in 

region 2 are also larger than the values in region 1. No general rule was found to 

describe the trend of Ks in this region. 

4.10 Conclusion 

The significant results that were obtained from this research are summarized 

below. 
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a) 	 An accelerated abiotic transformation of TKEBS was observed with 

decreasing water content. 

b) 	 The amount of transformation in 43 hours increased 4.6 fold for TPOS, 

4.1 fold for TBOS and 2.1 fold for TKEBS when the relative humidity 

decreased from 100% to 15%. TKEBS hydrolysis is not as sensitive to the 

change of relative humidity as TPOS and TBOS. 

c) 	 The hydrolysis products of tetraalkoxysilanes, their corresponding 

alcohols, reduce the hydrolysis rates to various degrees. The different 

affinity of hydrolysis products with water may be responsible for the 

different degrees of inhibition. 

d) 	 After the surface concentration exceeds a certain value, which occurs 

between 9 and 14 mg (tetraalkoxysilanes) per gram (soil), hydrolysis 

kinetics of tetraalkoxysilanes can not be described by a simple Michaelis

Menten type kinetic equation. 

e) 	 The trend of kmax in both regions at the same water content is TPOS > 

TBOS > TKEBS, which is opposite to the order of their sizes, TPOS < 

TBOS < TKEBS. It agrees with the prediction from active site theory, that 

bulkier hydrocarbon moieties can increase the free energy of activation. 

f) 	 As water content increases, the Ks value decreases for TPOS and TBOS. 

The Ks values of TKEBS are not sensitive to the change of water content 

(region 1). 

g) 	 The kmax values in region 2 are larger than the values in region 1. 

h) 	 In region 1, the ratio of kmaxlKs for TPOS, TBOS remain essentially 

constant with the changes in water content, indicating a constant pseudo

first order rate coefficient. 
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i) 	 The linear relationship between Ks and kmax for TPOS and TBOS 

suggests that the increase of water content is unfavorable for the activated 

complex transformation at low and moderate concentration of silicon 

compounds. 
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Chapter 5 

Engineering Significance and Future Work 

The accelerated abiotic transformation of TKEBS has been demonstrated in 

this study. This is a significant observation with regards to understanding the fate 

of TKEBS at Site 300. It also establishes another mechanism by which that 2

ethybutanol, the electron donor for the anaerobic TeE degradation, is produced at 

the site. Vancheeswaran et al. proposed a conceptual model to describe a possible 

link between TKEBS hydrolysis and TeE degradation (4). They attributed the 

production of 2-ethylbutanol as a result of the biological transformation in aerobic 

condition at the site. According to this study, another element can be added in the 

model. When the groundwater table lowers in summer, residual TKEBS is left in 

the vadose zone. Therefore, the drier soil in vadose zone can initiate the catalyzed 

hydrolysis of TKEBS. The produced 2-ethylbutanol may diffuse to the atmosphere 

or partition to the residual TKEBS, geological materials in the vadose zone and 

groundwater. 2-ethylbutanol could also be flushed to the saturated zone through 

infiltration processes that provide a substrate to facilitate the TeE degradation. 

Soil vapor extraction has been applied to the site to extract TeE from the 

vadose zone. Soil vapor extraction could reduce relative humidity in the vadose 

zone, resulting in enhanced rates of TKEBS transformation. We can verify this 

hypothesis by monitoring the relative humidity and the concentration of 2

ethylbutanol from the soil vapor extraction wells. 

More studies are required to characterize the sources of catalytic ability of 

soil. The catalytic ability may result from the structural cations in the soil, the 

exchangeable cations in clay, or various mineral phases like goethite (FeOOH), 

Ab03, and anatase (Ti02). An extensive study on the transformation rates of 

tetraalkoxysilanes should be performed with various mineral phases. The physical 

and chemical properties of the soil from the contaminated site are also needed for 
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the various size fractions of soil particles, such as exchange cations, surface area 

and the type of geological materials. 

The inhibition effect caused by different orgamc vapors may be an 

interesting topic because TeE vapor at the site may potentially reduce the 

hydrolysis rate of TKEBS with air-dried soil. The future study can include the 

factors, such as different vapor concentrations, hydrophobic organic vapors and 

hydrophilic organic vapors. 

The long-term study on the abiotic transformation of TKEBS along with a 

mathematical modeling may provide more insights on the transformation 

mechanisms. 
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Appendix A 

Sample Chromatographs 

This appendix contains the sample chromatographs of the compounds used 

in this study. 
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Appendix B 


Supporting Figure for Section 4.7 
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Figure B.1. Effect of humidity and initial concentration on the transformation rates 
of three tetraalkoxysilanes at water content of 5.1 % in soil samples. 
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Appendix C 


Supporting Figure and Analysis for Section 4.9 
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Figure C.l. Plot of the abiotic solid-catalyzed hydrolysis of TKEBS 
concentrations with two different particle sizes using the data from Experimental 
6. The plot was according to Equation 4.3. The straight lines along the legends are 
best-fit lines. 

Table C.l. kmax and Ks in region 1 derived from linear regressions using the data 
from Experiment 6. 

Compound Particle size kmax (Ilmol/g!day) Ks(/lmol/g) kmaxlKs R2 # of data 

TKEBS 

# 16 - #30 6.3±0.3* 9.4±0.8 0.67 0.98 6 

< #200 7.7±0.6 4.9±0.7 1.57 0.94 5 

A±B: A = best fit parameter and B = standard error of A 
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Appendix D 

Sensitivity Analysis 

Sensitivity analyses were performed on the data from Experimental 7. The 

measured concentrations, C, at time t were increased or decreased 5% to represent 

possible measurement errors. The results were presented from Figure D.1 to D.9. 

One can see that the 5% variation of measured values at low concentrations only 

changes the average transformation rate ([CO-C]/t) a small amount. As 

concentration increases, 5% measurement error may cause up to 40% error on 

average transformation rates (Figure D.3). This may be the reason that the standard 

error of the kinetic parameters at high concentration is so large (Table 4.4). 

We mentioned in the end of Chapter 3 that the amount of transformation 

according to our definition, was based on assumption that all of the silicon 

compound could be extracted. If some unreacted silicon compound could not 

extracted, then the amount transformed would be overestimated. One can compare 

the trends of the legends (the measured values and 0.95*measured values) from 

Figure D.l to Figure D.9 and find that this results in overestimating kinetic 

parameters, kmax and Ks. kmax value can be found by extrapolating the best fit line 

to the intercept of y-axis and the intercept value is kmax . Ks is the negative value of 

the slope of the best fit line. The results also indicate that the precision of the 

estimation of the kinetic parameters for TKEBS is strongly affected by 

measurement errors in comparison with the cases ofTPOS and TBOS. 
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Figure D.I. Sensitivity analysis of the TPOS data at the water content of 6.5%. 
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Figure D.2. Sensitivity analysis to the TBOS data at the water content of 6.5%. 
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Figure D.3. Sensitivity analysis to the TKEBS data at the water content of 6.5%. 

60 

50 

"vl 
400 

0... 
t:: 
.... 30 

u 
~ 

6 20u 
'-' 

10 

0 

+ o Measured value C 

o + 0.95 * measured value C 

+ 
::I:: 1.05 * measured value C 

::1::0+ 

0 2 3 4 5 6 

In(CO/C) / t [TPOS] Water content=5.1 % 

Figure D.4. Sensitivity analysis to the TPOS data at the water content of 5.1 %. 
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Figure D.S. Sensitivity analysis to the TBOS data at the water content of 5.1 %. 
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Figure D.6. Sensitivity analysis to the TKEBS data at the water content of 5.1 %. 
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Figure D.7. Sensitivity analysis to the TPOS data at the water content of3.9%. 
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Figure D.8. Sensitivity analysis to the TBOS data at the water content of 3.9%. 
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Figure D.9. Sensitivity analysis to the TKEBS data at the water content of 3.9%. 
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Appendix E 


Experimental Data for Figures in Chapter 4 


Table E.1. Experimental data for Figure 4.1.a/b. 

TKEBS remaining [ /lmol /g (soil) ] 

Day #8-16 #16-30 #30-50 #50-100 #100-200 <#200 

0 0.60 0.60 0.60 0.60 0.60 0.60 

2 0.26 0.33 0.35 0.35 0.41 0.41 

4 0.10 0.14 0.20 0.21 0.20 0.17 

6 0.07 0.04 0.07 0.08 0.08 0.06 

% recovered as 2-ethylbutanol 

Day #8-16 #16-30 #30-50 #50-100 #100-200 <#200 

2 43% 59% 73% 72% 93% 92% 

4 30% 48% 63% 69% 59% 53% 

6 25% 39% 39% 45% 48% 44% 
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Table E.2. Experimental data for Figure 4.2.a1b. 

TKEB S remaining (%) 

Day Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 

0 l.00 1.00 1.00 1.00 1.00 1.00 1.00 

7 0.93 1.07 0.98 0.93 1.10 1.01 0.02 

14 0.93 1.09 0.97 0.95 1.08 0.99 0.01 

21 0.89 0.93 0.96 1.03 1.11 1.16 0.00 

28 0.89 0.93 0.96 0.99 0.99 1.13 0.00 

TKEBS remaining (%) 

Day Set 7 Day Set 8 Set 9 

0 1.00 0 1.00 1.00 

3 1.00 3 1.00 1.00 

5 0.42 5 0.69 0.60 

7 0.04 11 0.42 0.37 

11 0.00 17 0.02 0.17 
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Table E.3. Experimental data for Figure 4.3.a/b/c. 

Partitioning Behavior of2-ethylbutanol 2-ethylbutanol concentration mg/L 

Phase TKEBS / Phase Water Volume Ratio TKEBS Phase Water Phase Kd 

0.1 mL /1.4 mL 0.07 483.67 68.84 7.03 

0.2 mL / 1.3mL 0.15 902.15 176.83 5.10 

0.3mL / 1.2mL 0.25 917.81 217.61 4.22 

0.5mL / 1.0mL 0.50 1167.79 285.40 4.09 

0.7mL / 0.7mL l.00 1277.25 340.99 3.75 

TKEBS (mg/L) in Water Kd 

177.97 7.03 

1273.50 5.10 

656.63 4.22 

390.00 4.09 

507.50 3.75 

457.32 7.03 

311.40 5.10 

281.50 4.22 

687.50 4.09 

596.25 3.75 

Table E.4. Experimental data for Figure 4.4. 

Reaction Time = 3 days Amount Transformed ( /lmol / g ) 

TBOS TKEB 

No alcohol system 59.80 19.13 

Alcohol vapor-saturated system 29.17 15.30 
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Table E.5. Experimental data for Figure 4.5.aJb/c. 

Relative Humidity Water Content TPOS TBOS TKEBS 

% g [water] / g [soil] Amount transformed ( ~mol / g) 

15.00% 2.30% 96.54 77.49 22.52 

32.30% 4.00% 77.62 58.13 16.18 

43.50% 4.30% 78.04 34.38 12.88 

55.00% 4.85% 41.77 25.03 10.30 

79.50% 5.40% 32.09 20.46 13.69 

90.00% 6.16% 29.62 18.66 9.47 

98.00% 6.40% 21.18 18.87 10.7 

Table E.6. Experimental data for Figure 4.6. 

#16-#30 <#200 

Initial Spike 
Transformation 

Rate 
Initial Spike 

Transformation 

Rate 

(~mol/ g) (~mol / g / day) (~mol/ g) (~mol / g / day) 

1.60 0.67 1.60 1.10 

4.00 1.58 4.00 2.60 

7.99 2.52 7.99 3.68 

19.98 4.23 19.98 6.28 

31.97 4.62 31.97 6.64 

47.96 5.69 47.96 11.12 

79.93 15.16 79.93 15.44 
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Table E.7. Experimental data for Figure 4.7.a/b and Figure 4.8.a/b/c. 

Water Content =3.9%, Soil Particles = #50 - #100 

TPOS TBOS TKEB 

Initial Spike 
Transformation 

rate 
Initial Spike 

Transformation 

rate 
Initial Spike 

Transformation 

rate 

( Ilmol/ g) (lllliO! / g / day) (Ilmol/ g) (lllliO! / g / day) ( llillOI/ g) (lllliO! / g / day) 

2.61 4.65 2.14 3.78 1.60 0.75 

6.53 11.00 5.35 9.40 4.00 1.74 

13.05 21.23 10.70 17.02 7.99 2.19 

32.64 42.07 26.74 36.84 19.98 4.09 

52.22 58.20 42.78 50.86 31.97 5.27 

78.33 77.66 64.17 67.47 47.96 8.24 

130.54 99.75 106.95 79.04 79.93 12.89 

Water Content =5.1 %, Soil Particles = #50 - #100 

TPOS TBOS TKEB 

Initial Spike 
Transformation 

rate 
Initial Spike 

Transformation 

rate 
Initial Spike 

Transformation 

rate 

( llillOI/ g) (lllliO! / g / day) ( llillOI/ g) (lllliO! / g / day) ( Ilillol / g) (lllliO! / g / day) 

2.61 4.87 2.14 3.50 1.60 0.46 

6.53 10.42 5.35 6.22 4.00 1.02 

13.05 17.12 10.70 8.43 7.99 1.29 

32.64 25.45 26.74 11.22 19.98 2.19 

52.22 29.54 42.78 14.33 31.97 2.10 

78.33 33.58 64.17 19.28 47.96 6.36 

130.54 43.16 106.95 23.59 79.93 9.90 
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Table E.7, Continued. 

Water Content =6.5%, Soil Particles = #50 - #100 

TPOS TBOS TKEB 

Initial Spike 
Transformation 

rate 
Initial Spike 

Transformation 

rate 
Initial Spike 

Transformation 

rate 

( f.l moi / g) (Ilmo11 g I day) ( f.lmol / g) (Ilmoll g I day) (f.lmol/ g) (Ilmo11 g I day) 

2.61 4.12 2.14 3.33 1.60 0.48 

6.53 7.51 5.35 5.20 4.00 0.95 

13.05 10.25 10.70 7.29 7.99 1.66 

32.64 17.04 26.74 8.24 19.98 2.67 

52.22 24.28 42.78 11.14 31.97 3.19 

78.33 26.61 64.17 14.54 47.96 6.60 

130.54 37.55 106.95 25.55 79.93 10.26 




