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ABSTRACT 

There is evidence to suggest that the air-water interface serves as an important 

retention domain for volatile organic compounds (VOCs) in vadose-zone soil systems. 

Gas-phase solute transport experiments were conducted to evaluate the influence of air-

water interfacial adsorption on trichloroethene transport and retention. 

Mechanical mixing and difflision were observed to contribute significantly to the 

transport of gases and vapors in unsaturated soils. The relative contribution of individual 

dispersion processes was governed largely by the differences in their diffusion 

coefficients, while changes in gas-phase tortuosity and linear velocity due to soil-water 

content changes represented secondary effects. 

Difluoromethane (DFM) was shown to hold promise as a reactive tracer for the 

in-situ measurement of soil-water content, as there was shown to be a linear relationship 

between DFM-estimated and measured soil-water contents. Heptane was shown here to 

exhibit nonideal tracer behavior that complicate its use in estimating air-water interfacial 

areas. Conversely, relatively ideal interfacial tracer properties were exhibited by decane. 

In excess of 90% of the decane retardation factor was contributed by adsorption at the air-

water interface, rendering other forms of retention entirely secondary. Decane retardation 

factors were in an appropriate range for soil-water contents greater than -2.5%. Specific 

air-water interfacial areas estimated from decane retention data appear to be reasonable. 
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based on comparison with the measured N^/BET specific surface area of the porous 

media and comparison with literature data. 

The retention of TCE vapor in unsaturated soil systems to be influenced by 

several processes, including sorption to the solid surfaces, dissolution into bulk soil-

water. and adsorption at the air-water interface. The retention of TCE in the system under 

various conditions was not predicted well by the traditional retardation equation. 

However, use of DFM (water-partitioning tracer) data and decane (interfacial tracer) data 

were observed to fiirther improve agreement between predicted and experimental TCE 

retardation factors. Interfacial processes were shown to influence TCE retention most 

significantly at soil-water contents less than 5%, contributing 87% of the total measured 

retardation factor at 2% soil-water content. 
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1. INTRODUCTION 

Source and Transport of Volatile Organic Compounds 
in the Vadose Zone 

Volatile organic compounds (VOCs) have been introduced to vadose zone and 

groundwater systems via numerous sources, including leaky underground storage tanks, 

leachate from landfills, accidental spills, and improper waste disposal. The primary 

concern regarding contamination of the vadose zone is the potential for polluting 

underlying groundwater and hence, drinking water supplies. Although most VOCs have 

relatively low aqueous solubilities, their solubility limits are often much greater than 

concentrations considered as safe for human exposure. For example, the solubility of 

trichloroethene (TCE). an industrial solvent and among the most common subsurface 

contaminants, is 1100 mg-L"'. approximately five orders of magnitude higher than the 

maximum TCE contaminant level allowed for drinking water (0.005 mg-L '). A deeper 

understanding of the physicochemical processes affecting the transport and retention of 

VOCs within the vadose zone would lead to improved predictive capabilities regarding 

health risks, as well as to more effective remediation strategies. 

VOCs typically enter the vadose zone as an aqueous solution or as a nonaqueous 

phase liquid (NAPL). Direct vertical infiltration of the NAPL may occur or the dissolved 

VOC may be transported vertically with infiltrating water. Some portion of a VOC 

NAPL will be retained in the soil pores by capillary forces. This residual NAPL 
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saturation may serve as a long-term vapor- and groundwater contamination source. Due 

to their volatility. VOCs may evaporate from the NAPL source and be transported in the 

vapor phase or they may dissolve into pore water and infiltrate imder the force of gravity. 

When VOC vapor pressures are great enough for compounds heavier than air. downward 

advection may be induced by vapor density gradients (Falta et al., 1989; Mendoza and 

Frind. 1990; Lenhard et al., 1995). More generally, however, vapor-phase VOCs are 

transported by diffusion in response to concentration gradients and by advection due to 

natural- or induced pressure gradients. 

Physical, chemical, and biological processes act on VOCs present in the vadose 

zone, influencing transport behavior. Physical and chemical heterogeneity may be 

present at scales ranging from the pore scale to the field scale. Biological degradation of 

VOCs may influence contaminant transport, as well as introduce new compounds via 

transformation reactions into the system. Dispersion causes the VOC contaminant plume 

to spread spatially, while any number of retention processes may slow the average 

contaminant advection rate. The sources of VOC vapor retention will be considered in 

more detail below. 

VOC Retention in Unsaturated Soils 

Each phase in an unsaturated system may contribute to the total retention of the 

VOCs. Phases present may include the solid mineral phase, soil organic matter, bulk 

soil-water. NAPL, and the soil-gas/soil-water interface. These five phases represent the 
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possibility for five vapor retention mechanisms to occur; sorption to mineral surfaces, 

association with soil organic matter (SOM), partitioning into the NAPL, dissolution into 

the bulk water phase, and accumulation at the air-water interface. In addition, retention 

via capillary condensation of organic vapors and capillary phase separation of dissolved 

organics may occur in micro- and mesopores of the soil. The literature is replete with 

studies aiming to evaluate the relative contribution of individual retention mechanisms to 

the total retention of VOCs (Poe et al.. 1988; Rhue et al.. 1988; Rhue et al.. 1989; 

Johnson and Perrott. 1991; Ong and Lion, 1991c; Ong and Lion. 1991b; Gierke et al.. 

1992; Goss. 1992; McCoy and Rolston. 1992; Ong et al.. 1992; Shimizu et al.. 1992; 

Goss. 1993; Farrell and Reinhard. 1994; Kreamer et al.. 1994; Lin et al.. 1994; Nye et al.. 

1994; Batterman et al., 1995; Petersen et al.. 1995; Goss and Eisenreich. 1996; Lin et al.. 

1996; Brusseau etal., 1997; Lordenetal., 1998; Ruizetal., 1998). 

Traditional Retention Mechanisms 

Studies traditionally attribute most of organic vapor retention in soils to uptake by 

the bulk phases of the system. Specifically, association with soil organic matter (SOM). 

adsorption at solid mineral surfaces, and dissolution into bulk water present in the system 

are traditionally proposed to contribute most significantly to observed retention. It is 

generally found that if SOM is abundant (e.g. >0.1% (wt)), it serves as the primary 

sorption domain. Organic matter also tends to dominate VOC retention in high soil-water 

content systems. However, if little SOM is present, bulk water partitioning may 
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predominate at intermediate or high soil-water contents, while sorption to mineral 

surfaces dominates at very low soil-water contents (e.g., < 50% RH) (Chiou and Shoup, 

1985; Pennell et al., 1992; Hoff et al., 1993a; Hoff et al., 1993b; Batterman et al.. 1995). 

If soil-water contents are low enough for unsolvated mineral grains to be exposed to soil-

gas. vapor retention is almost exclusively controlled by adsorption at these surfaces. In 

fact, oven-dry conditions generally represent the conditions of maximum sorptive 

capacity for a given soil. Once the mineral grains are water-solvated, the total sorptive 

capacity of the soil decreases. At intermediate soil-water contents, combinations of the 

mechanisms above have been proposed. 

Recent studies, however, have shown that experimentally observed VOC retention 

in unsaturated soils with little or no SOM is often greater than that predicted based only 

on mineral sorption, organic-matter association, and aqueous dissolution. For e.xample. 

Karger et al. (1971a) observed greater retention of halogenated alkanes and aromatics on 

synthetic porous media than predicted. These results are consistent with those of Pennell 

el al. (1992) and Hoff et al. (1993a; 1993b), who examined the retention of aromatics by 

soils and clay minerals. Others have also shown the retention of straight-chain alkanes 

and aromatics to be greater than the contributions of solid-phase sorption and aqueous 

dissolution (Karger et al., 1971b; Conklin et al., 1995; Brusseau et al.. 1997). 

Underprediction of solute retention indicates the influence of additional retention 

mechanisms not traditionally taken into consideration. 
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Additional Retention Mechanisms 

Adsorption of organic vapor to soil-water surfaces (soil-gas/bulk-water interface) 

has been proposed as a mechanism accounting for much of the additional retention 

observed in unsaturated systems. In addition, capillary phase separation has been 

proposed to occur in soil micro- and mesopores. 

Adsorption at the Gas-Water Interface 

Organic-vapor adsorption to thin water films and flat water surfaces is well-

documented in the physical chemistry literature at least since the mid-1850s and has 

remained the subject of careful study until the present (Cutting and Jones. 1955; Jones 

and Ottewill. 1955; Blank and Ottewill. 1964; Hauxwell and Ottewill. 1968; Karger et al.. 

1971a; Karger et al., 1971b; Jho et al., 1977). With the exception of a few isolated 

studies (Fisher. 1926; Shereshefsky and Russell. 1953; Jurinak et al.. 1962). only 

relatively recently has the gas-water interface been studied in the context of soil systems. 

The potential significance of interfacial adsorption in contaminated vadose-zone systems 

has since been demonstrated for many types of organic compounds and a variety of 

synthetic and natural materials (Karger et al.. 1971a; Karger et al.. 1971b; Pennell et al.. 

1992; Hoff et al.. 1993a; Hoff et al., 1993b; Valsaraj et al.. 1993; Valsaraj. 1994; Conklin 

et al.. 1995; Brusseau et al., 1997; Lorden et al., 1998). For example, Hoff et al. (1993a) 

estimated that 48-56% of the observed retention of straight-chain alkanes by sandy 



aquifer material was due to air-water interfacial adsorption. Up to 60% of the total 

retention of p-xylene by a desert soil was attributed by Conklin et al. (1995) to interfacial 

adsorption. Depending on the porous medium studied, between 29% and 73% of the total 

retention observed for trichloroethene was attributed by Brusseau et al. (1997) to 

accumulation at the gas-water interface. 

Adsorption of chemicals at air-water interfaces is an important process in many 

areas of environmental science, in addition to VOC transport in soil. Valsaraj (1994) 

notes several areas of environmental chemistry in which gas-water interfacial adsorption 

plays a significant role. Specifically, the gas-water interface of bubbles affects the 

efficiency of air-stripping VOCs from wastewater. Also, the observed enrichment of 

organic compounds and organic particulates in the surface "microlayer" of oceans relative 

to underlying seawater may be due to interfacial phenomena. Valsaraj et al. (1993) and 

Goss (1994) suggest that enrichment of organic compounds in fog droplets in excess of 

that predicted by Henry's law may be due to adsorption at the air-water interface. 

Donaldson and Anderson (1999) demonstrate that atmospheric gases, such as C.-C, 

alcohols, acids, and acetone sorb at the air-water interface. Wan and Wilson (1994) and 

Schaefer et al. (1998) provide convincing evidence of the important role of gas-water 

interfaces in the transport and retention of colloids in soils, such as clay particles and 

microbial cells. Wan and Tokimaga (1998) have measured air-water interfacial 

adsorption coefficients for humic and kaolinite colloids. 
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Capillary Phase Separation 

Capillary phase separation is the process by which solutes are enriched within the 

micropores of porous media relative to bulk solution. This process is considered as 

analogous to capillary condensation of vapors, whereby vapors condense in small pores at 

vapor pressures less than saturation. Conditions conducive to CPS include pore sizes on 

the order of molecular dimensions and higher solute concentrations. It is further believed 

that in order for CPS to occur, the solute must exhibit greater affinity for the pore-wall 

surfaces than do the solvent molecules (Bartell and Donahue. 1952; Miyahara et al.. 

1997). This would typically exclude consideration of CPS for hydrophobic organic 

contaminants in mineral soils, where the charged mineral surfaces are preferentially 

wetted by water. However, it has been argued that relatively nonpolar organic 

contaminants may undergo CPS in primarily mineral soils if organic films or coatings are 

contained within the soil microporosity (Silva. 1997). It is not immediately clear how 

common this scenario is in environmental systems. 

There is some experimental evidence for the occurrence of capillary phase 

separation (CPS) of organic contaminants in microporous media (Farrell and Reinhard. 

1994). For example, a steep rise in the sorption isotherms as the contaminant vapor 

pressure approaches saturation has been interpreted as being caused by CPS. This 

qualitative obser\'ation has also been used as evidence for multilayer adsorption on the 
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water surface (e.g.. the air-water interface), and it is not clear that these studies have 

differentiated between the two processes. 

Vadose-Zone Characterization 

Traditional Methods 

The parameters characterizing a vadose zone system that are of interest in this 

research include air-Filled porosity, soil-water content and interfacial area. These 

parameters critically affect the transport of VOCs in the vadose zone and are incorporated 

into the governing flow and retardation equations. Traditionally, methods of 

characterization have emphasized analysis of point samples (e.g.. spatially discrete). For 

example, such methods include measurement of soil-water content by gravimetric 

analysis of soil cores, as well as the use of neutron moderation or time domain 

retlectometry in measuring soil-water content. These methods provide information about 

a soil volume on the scale of approximately 10"' m\ This localized information can 

provide data that does not represent the general character of the system, especially if the 

system is relatively heterogeneous. To increase the probability of site-representative 

sampling, a spatially-dense sampling scheme must be undertaken and sophisticated 

spatial statistics must be applied to the data. Collection and analysis for the large number 

of samples may become cost-prohibitive and time-consuming, while still failing to 

provide site-representative information. 
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Innovative Tracer Method 

The reactive tracer method is an in-situ subsurface characterization method that 

has the potential to overcome certain drawbacks of point sampling. The reactive tracer 

method yields spatially-averaged information over a scale determined by the design of the 

system. The method is based on using nonreactive and reactive or partitioning tracers to 

probe specific phases of system. For example, a water-partitioning tracer will dissolve 

into the soil-water, resulting in measurable retention of the partitioning tracer relative to 

the transport of a noru-eactive tracer. The magnitude of retention observed for the water-

partitioning tracer is correlated to the amount of water present in the system. In the 

vadose zone, gas-phase water-partitioning, nonaqueous phase liquid (NAPL)-partitioning. 

and interfacial tracers have been used to probe soil-water content (Brusseau et al.. 1997; 

Simon et al.. 1998; Deeds et al., 1999a; Deeds et al.. 1999b; Mariner et al.. 1999; Nelson 

et al.. 1999a; Carlson. 2001). NAPL satixration (Whitley et al.. 1995; Simon et al.. 1998; 

Deeds et al.. 1999b; Mariner et al., 1999; Whitley et al.. 1999), and soil-gas/soil-water 

(Brusseau et al.. 1997; Kim et al., 1997; Saripalli et al.. 1997b; Silva. 1997; Enright. 

1998; Kim et al.. 1999b) and soil-gas/NAPL (Saripalli et al.. 1997a; Saripalli et al.. 

1997b; Saripalli et al., 1998; Kim et al., 1999a) interfacial areas, respectively. 

The volimie of soil system contacted by the tracer influences the measured 

reactive-tracer retention. Therefore, the measured parameter value (e.g., soil-water 

content or interfacial area) is considered as an averaged or global value for the system 
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volume. Although many complicated configurations are possible, the simplest field-scale 

reactive tracer test is conducted by injecting the tracers into one well and extracting at 

another well a distance away. Thus, in simplest terms, the distance between the injection 

and extraction wells dictates die swept volume of the tracers, and therefore controls the 

scale over which the parameter value is averaged. Therefore, the reactive tracer test can 

be customized to obtain information at the spatial scale of interest. 

There is abundant literature reporting gas-phase water-partitioning tracer tests in 

controlled laboratory- and uncontrolled field scenarios that delineate possible advantages 

and limitations to the method. On the contrary, detailed examination of interfacial tracer 

performance for measuring air-water interfacial areas has received only limited attention 

to date. Furthermore, there are few reports that couple information from different types 

of tracers (e.g.. water-partitioning and interfacial) in order to predict the transport and 

retention of a volatile contaminant in the same system. 

Research Objectives 

Because the potential influence of the air-water interface in environmental 

systems has been recognized only relatively recently, there are many theoretical and 

practical uncertainties regarding the air-water interface and its influence on VOC 

transport. It is the goal of this research to employ reactive tracer methods and VOC 

transport experiments to address just a few of these uncertainties. The chosen 

experimental conditions exclude consideration of CPS, and therefore focus on interfacial 
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adsorption, aqueous dissolution, and solid-phase sorption as retention mechanisms. 

Specifically. I have conducted experiments aimed to: 

1. Evaluate the influence of advection and dispersion processes on the transport 

of gases and organic vapors in unsaturated soil systems. {Chapter 6) 

2. Evaluate the performance of a gas-phase water partitioning-tracer method for 

in-situ measurement of soil-water content over a range of soil-water contents. 

(Chapter 7) 

3. Investigate the use of a gas-phase air-water interfacial tracer method to 

e.xamine the relationship between air-water interfacial areas and soil-water 

content in porous media. (Chapter 7) 

4. Evaluate the contribution of aqueous dissolution, aqueous-phase sorption to 

the solid phase, and adsorption at the air-water interface to the retention and 

transport of a model volatile organic contaminant (VOC) in porous media as a 

function of soil-water content. (Chapter 8) 

5. Investigate the use of reactive-tracer methods in predicting VOC transport and 

retention in porous media over a range of soil-water contents. (Chapter 8) 
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REVIEW OF AIR-WATER INTERFACIAL ADSORPTION 
IN UNSATURATED SOILS 

Vapor Adsorption at Liquid Surfaces 

A mechanistic understanding of vapor adsorption at the air-water interface is 

required to evaluate the relative importance of this process for VOC transport. Vapor 

adsorption is an exothermic process and is, therefore, enthalpically favored. Although 

there is a consequent decrease of entropy in the adsorbed phase relative to the free vapor 

phase, adsorption is typically a spontaneous process. Experimental evidence indicates 

that vapor adsorption on water surfaces may be considered as an instantaneous process 

relative to other transport processes (Lorden et al.. 1998). 

Initial studies of the extent and nature of vapor adsorption were based on 

measurement of changes (decrease) in the aqueous surface tension due to organic vapor 

adsorption. The Gibbs adsorption equation describes the relationship between the surface 

tension of the liquid phase, water in this case, and the vapor pressure of the organic 

compound above that liquid; 

' 1) 
y e p  J J. p  

where y is the surface tension [N-m"'], p is the organic vapor pressure [atm], f is the 

surface excess of the organic compound [mol-m'"], R is the universal gas constant [L atm 

(K kmol) '], and T is temperature [K]. Often dy is replaced by k, the surface pressure, 

defined as: 
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T ^ = Y o - Y  ( 2 - 2 )  

where is the surface tension of the pure liquid, and y is the surface tension of the liquid 

as a function of the vapor adsorption. Because most organic vapors cause a decrease in 

surface tension, K is typically positive for organic vapor adsorption. 

Using Equation 2-1, measurement of surface tension coupled with knowledge of 

the organic vapor pressure above the liquid allows determination of the surface excess of 

the organic compound. As surface excess increases, the surface pressure also increases, 

indicating that the average surface area occupied per molecule decreases. Surface 

pressure may be considered as the two-dimensional analog to the familiar three-

dimensional vapor pressure. It is observed that adsorbed vapors behave quite similarly to 

gases in three-dimensional systems. The two-dimensional analog to the familiar Ideal 

Gas Law is written as follows (Hiemenz and Rajagopalan. 1997); 

K A = nRT (2-3) 

where A is the area occupied by one mole of adsorbed molecules [m'-mol ']. and n is the 

number of moles adsorbed [-]. As the surface pressure of a liquid surface increases, the 

adsorbed vapor will be compressed and A will decrease accordingly. At higher surface 

pressures, phase changes analogous to condensation and solidification may be observed. 

At high pressures, just as in the three-dimensional case, the ideal gas law no longer holds, 

and intermolecular (adsorbate-adsorbate) interactions and finite molecular size must be 

considered. The adsorbed phase remains compressible over the vapor pressure range 
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observed in typical organic vapor adsorption studies. Thus, the adsorbed phase is usually 

considered to be a gaseous phase rather than a condensed liquid phase. 

Phvsicochemical Properties Influencing Interfacial Vapor Adsorption 

The general nature of the interface as a thermodynamically favored adsorption 

domain provides the potential for vapor-phase adsorption. However, the properties of a 

given environmental system dictate the ultimate significance of this retention and the 

resultant impact on VOC transport. Thus, the factors influencing the presence, nature, 

and extent of gas-water interfaces in environmental systems must be addressed. The 

individual factors are intimately related and only when considered together can the 

overall system be described in a quantitative manner. Nonetheless, generalizations 

regarding the individual effects are useful in developing a conceptual understanding of 

the system. Note that soils with significant organic matter content or extremely low soil-

water content are not considered in the following discussion, since in such systems, 

retention at the air-water interface will often be negligible compared to partitioning into 

organic matter or adsorption by exposed mineral grains, respectively. Physical 

characteristics, such as soil texture, pore-size distribution and wetting/drying cycles, may 

be thought of as factors affecting the morphology of the water in the system. Water at a 

given saturation will be distributed differently within different porous media, essentially 

altering the soil-water volume to interfacial area ratio. Additionally, wetting and drying 
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hysteresis, known to have significant impact on characteristic curves, is expected to have 

similar impact on interfaciai areas. 

The physicochemical properties of the organic vapor (adsorbate) also exert a 

critical influence on the significance of the interface as a retention domain. Conceptually, 

the effect of the physicochemical properties of a compoimd on the degree of interfaciai 

sorption can be viewed relative to its behavior on either side of the interface. It can be 

thought of as a result of its dissolved aqueous phase behavior or of its vapor phase 

behavior. Ultimately, both aspects determine its interfaciai activity. 

As a solute in the aqueous phase, an organic compound with relatively low 

polarity has an activity coefficient greater than one. This fact is attributed largely to 

nonideal dissolution associated with the ordering of water molecules around the 

hydrophobic organic molecule. To evaluate the effect of an increased activity coefficient 

on interfaciai adsorption, the Gibbs adsorption equation (Equation 2-1) can be rewritten 

in terms of the activity of the dissolved organic compound (Adamson and Gast. 1997); 

'-fri 

where a is the activity, equal to the product of the solute concentration and its activity 

coefficient. Thus, for a given aqueous concentration, as the activity coefficient increases 

due to decreasing polarity, the surface excess will also increase. This effect is supported 

by the results of studies examining the adsorption of homologous series of straight-chain 

alkanes on flat-water surfaces (Cutting and Jones, 1955; Jho et al., 1977). At a given 
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molar concentration, as chain length increases, a greater surface tension decrease (i.e.. 

greater surface excess) is observed due to increased (nonpolar) molecular surface area in 

contact with water. Similar behavior has been observed in environmental systems (Hoff 

et a!.. 1993b). In fact, the magnitude of adsorption enthalpy is observed to increase 

linearly with each methylene addition (carbon number increase) as predicted by Traube's 

Rule (Karger et al., 1971a; Jho et al., 1977; Hoff et al., 1993a; Adamson and Gast. 1997). 

Clear trends are also observed with respect to properties of the organic vapor 

phase. The interfacial behavior of organic vapors can be evaluated in two ways, in terms 

of a given vapor pressure and as a function of their respective saturation vapor pressures. 

P". .A.t a given vapor pressure, a low molecular weight compound (high P") such as 

methane will show much less interfacial adsorption than a higher molecular weight 

compound (low P°). such as octane (Cutting and Jones, 1955). This is attributed to the 

relative volatility of smaller compounds and their subsequent tendency to remain in the 

vapor phase. As saturation vapor pressures are approached, however, the trend is 

reversed, where more volatile compounds begin to exhibit greater total interfacial 

adsorption. This is due to the much larger saturation vapor pressures of lower molecular 

weight compounds. Vapor pressiu-e is proportional to the number of molecules in the 

vapor phase and subsequently, to the number of collisions with the interface per unit 

time. The larger saturation vapor pressures of lower molecular weight compounds 

provide for many more gas-molecule collisions with the water surface, and hence greater 
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probability of adsorption. Thus, at their respective saturation pressures, a compound such 

as pentane may cause more than a 6-dynes cm ' drop in surface tension, while octane at 

saturation will cause less than a 2-dynes-cm'' decrease (Cutting and Jones. 1955). 

The above discussion identifies two competing effects: less volatile compounds 

will dominate interfacial adsorption at lower absolute pressures, while at higher absolute 

pressures (near saturation pressures), adsorption of more volatile compounds will 

dominate. Even in the presence of bulk organic liquid, it would be rare in environmental 

systems for the vapor pressures to approach vapor saturation where the latter effect 

dominates (Pankow and Cherry. 1996). With this assumption in mind, it is generally 

stated that interfacial adsorption is inversely proportional to saturated vapor pressure. 

The influences of hydrophobicity and vapor pressure have been discussed 

primarily in relation to the behavior of a homologous series of straight-chain alkanes. 

However, the arguments are applicable to nonpolar organics in general, where greater 

hydrophobicities and low saturation vapor pressures are indicative of increased interfacial 

adsorption. More polar compounds, such as aromatics and chlorinated hydrocarbons, 

tend to have greater tendency to accumulate at the air-water interface than nonpolar 

compounds due to favorable interactions with the polar water surface. Although more 

mass may be retained at the interface for polar compounds, this retention may often 

comprise a smaller fraction of total retention, since their higher aqueous solubilities may 

lead to dissolution into bulk water as the dominant retention process (Karger et al.. 
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1971b; Hoff et al., 1993a; Conklin et al., 1995). For this reason, system soil-water 

content becomes important for aromatics, not only because it affects interfacial area, but 

also because solute retention via dissolution into bulk water may overwhelm interfacial 

contributions as soil-water content increases. Many slightly polar compounds, such as 

benzene, toluene, xylene, and trichloroethene, have been found to be retained 

significantly both at the gas-water interface and in the bulk water phase (Karger et al.. 

1971 a; Karger et al.. 1971b; Hoffetal.. 1993b). 

Quantitative Treatment Of Interfacial Vapor Adsorption 

Retardation Factor 

The total retention of organic solutes in a system at equilibrium can be quantified 

by the amount of mass present in each of the possible retention domains, as dictated by 

equilibrium partition constants and parameters denoting the relative "size" of each 

domain. The advective-dispersive equation describing solute U^ansport in porous media 

can be modified to explicitly include the effect of specific retention domains. After some 

mathematical manipulation, the following retardation factor. R [-], can be defined for a 

system with immobile water and a mobile vapor phase: 

R = l + + + (2-5) 

where 0^. and 0^^ are the volumetric air and soil-water contents, respectively [-]; Kh is the 

Henry's Law constant [-]; is the bulk density of the porous medium [g-cm'^]; is the 
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solid-phase sorption coefficient for a water-solvated sorbent [cm'-g"']; is the 

interfacial sorption coefficient [cm]; and is the specific interfacial area [cm ']. The 

first term in Equation 2-5 represents the mobile (vapor) phase; the second term represents 

retention due to dissolution in (immobile) bulk water; the third represents sorption to the 

system solid phase (organic and mineral phases); and the fourth term represents 

interfacial retention. One or more terms in the retardation factor may be deemed 

negligible in a given system. 

The tlnal term in Equation 2-5, representing interfacial retention, is of primary 

interest here. The interfacial sorption coefficient. K,^\, is defined here in reference to the 

gas-phase: 

K,, = p (2-6) 

where f is the surface excess [mol-cm"] and C, is the bulk concentration in the vapor 

above the interface [mol-cm^]. Standard methods exist for measuring K,^ (Cutting and 

Jones. 1955; Jones and Ottewill, 1955; Blank and Ottewill, 1964; Hau-xwell and Ottewill. 

1968; Karger et al.. 1971b; Pennell et al., 1992; Bruant and Conklin. 2001). Values of 

K,.^ have been tabulated for many environmentally relevant compounds (Shereshefsky. 

1953; Valsaraj. 1988b; Hoff. 1993a; Hoff, 1993b). Values for selected compounds are 

given in Table 2-1. 
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Table 2-1. Literature Values for Selected Compounds 

•og Kia log KIA log KIA Log Kia 
(cm) (cm) (cm) (cm) 

25°Ca 12°Ct> 25°Ca 12°cb 

1 pentane -5.28 -5.05 17 l-chlorobutane -4.35 
2 hexane -4.96 -4.70 18 l-bromobutane -4.07 
3 heptane -4.63 -4.40 19 perfluorohe.xane -5.14 
4 isooctane -4.54 20 benzene -4.35 -4.05 
5 nonane -3.97 -3.64 21 toluene -3.95 -3.60 
6 decane -3.65 -3.28 22 ethyl benzene -3.63 -3.24 
7 cyclohexane -4.97 23 isopropyl benzene -3.39 
8 cycloheptane -4.56 -4.30 24 chlorobenzene -3.91 -3.59 
9 cyclooctane -4.20 -3.96 25 m-dichlorobenzene -3.57 
10 dichloromethane -4.73 26 fluorobenzene -4.26 -3.96 
11 trichloromethane -4.46 27 methyl formate -3.71 -J.JJ 
12 tetrachloromethane -4.83 28 ethyl ether -3.27 
13 1.2-dichloroethane -4.16 29 ethyl acetate -2.56 
14 1.1,1- trichloroethane -4.53 -3.77 30 ethyl formate -4.23 
15 trichloroethene -4.58 31 n-propyl ether -2.81 
16 tetrachloroethene -4.49 32 acetone -2.74 

Data from (Hoff et al.. 1993b);'' Data from ( larger et al.. 1971a) 
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A T f i  Estimation 

For cases where measured values are not available, empirical correlations provide 

a means to estimate values using other physicochemical constants that are more 

readily available in the literature. Correlations exist between the extent of vapor 

adsorption to the gas-water interface, as represented by K[^, and several physicochemical 

properties of the compound, as represented by various physical constants. In many cases, 

the correlations are expressed in terms of K,,^ (K,w=KhK,a)- ^he interfacial-water partition 

constant, rather than Fo"" example. Hoff et al. (1993b) reported a correlation between 

and the aqueous solubility, [mol-cm'], for 26 relatively low solubility 

compounds; 

log(/:,„.) = -8.58 - 0.7691og 

For relatively nonpolar compounds, Valsaraj et al. (Valsaraj, 1988b; Valsaraj et al.. 1993) 

have noted correlations between K,w and hydrophobic molecular surface area. S„ [A'], 

liquid molar volume. [cm^-mole"'], and the octanol-water partition constant. [-]: 

log(^/„.) =-6.55+ 0.01565^ (r=o.8523; n=19) (2-8) 

log(A:,„.) = -6.32+0.0146P„, (r=o.8486; n=19) (2-9) 

=3*10 (r2=o.936; n=8) (2-10) 

Good correlation is also observed between Kj,, and the "'first order molecular 

connectivity inde.x". 'x [-] (Valsaraj, 1988a). 'x is a non-empirical parameter based 
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solely on the structure and topology of the molecule. Sabljic (1984) provides a 

compilation of'/ values for environmentally relevant compounds. 

log(A:„,.) = -5.53 + 0.2735(';r) (r=o.8518; n=13) (2-11) 

For more polar compounds, Hoff et al. (1993b) suggest the following regression: 

ii'j """ I >^3(7 v'lt' 
loa(A:„,) = -7.508 + /,, — (2-12) 

/ » -N 2.303 RT 

where v,, is the activity coefficient of the aqueous organic solute [-]; is the molar 

surface area of the solute at the interface [cm'-mol"'] (using a spherical approximation 

a^=8.45* 10'(V„)-'); is the liquid molar volume [cm^-mol"']); (^S A , and are the 

surface tension at the water-air. solute(liq)-air, and solute-water interfaces, respectively 

[erg-cm"]. Goss (1994) suggests the introduction of a hydrogen bond acceptor term. P [-]. 

into correlation equations for relatively polar compounds, where hydrogen bonding may 

play a role: 

ln(A'„ ) = -0.6151n(p;) + 7.86y5-5.80-(3851n(/?;;) -6037y3-661lf- —^-J 
323^ (2-13) 

where. p\ is the saturated vapor pressure at 25°C [Pa]; and T is temperature [K], 

Equations 2-12 and 2-13 are decidedly more complicated and require more detailed 

knowledge of the system, reflecting the more complex amphiphilic interactions of polar 

solutes and water. 



39 

Air-Water Interfacial Area 

The importance of the areal extent of the air-water interface in dictating the 

significance of interfacial vapor retention is clear from Equation 2-5. Furthermore, mass-

transfer processes, such as volatilization and dissolution, are strongly controlled by the 

gas-water interfacial area. Because aqueous diffusion rates are typically much lower than 

vapor diffusion rates, a larger interfacial-area to water-volume ratio would tend to 

enhance transfer rates, while a small interfacial-area to water-volume ratio may cause 

significant mass transfer rate limitations. For instance, it is expected that thin water films 

coating soil grains would have minimal mass-transfer rate-limitations, v^^hile diffusional 

rate-limitations may be quite important for deeper "pools", such as water-filled pores. 

Therefore, interfacial area considerations may be critically important in predicting the 

transport and retention behavior of all VOCs. even those that otherwise have little 

interfacial activity. 

Theory 

Two general trends in air-water interfacial area as a function of soil-water content 

have been proposed, as shown in Figure 2-1. The first proposed trend (solid line) is that 

as soil-water content decreases starting fi-om a saturated system, the interfacial area 

increases from essentially zero in the saturated system to some maximum at relatively 

low soil-water contents. This maximum interfacial area is considered to correspond to a 

condition in which pendular rings have formed and dominate the system (Gvirtzman and 
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Figure 2-1. Previously Proposed Relationships between Interfacial Area and Soil-
Water Content. 

Note: Normalized interfacial areas are predicted interfacial areas 
normalized by the maximum interfacial area reported for the respective 
soil system. 

Solid line adapted from Reeves and Celia (1996). Dashed line adapted 
from Or and Tuller (1999). 
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Roberts. 1991). As soil-water content decreases below that associated with maximum 

pendular ring formation (and resultant maximum interfacial area), the interfacial area 

decreases to zero. Thus, this approach considers only filled pore- and pendular ring 

contributions to formation of interfacial area. 

The second proposed relationship (dashed line in Figure 2-1) is characterized by a 

nonlinear decrease in interfacial areas with increasing soil-water content. In addition to 

tilled pores and pendular rings, this approach incorporates the contribution of water films 

to total interfacial area. Thus, maximum interfacial areas are expected to occur not at the 

soil-water contents associated with pendular ring formation, but rather at lower soil-water 

contents where "film water" may be most important. However, the very lowest soil-

water content region representing incomplete, nonuniform water coverage and hence, 

decreased interfacial areas, is not considered in this approach (or the other). 

It appears that a possible cause for the differences between the two proposed 

interfacial area and soil-water content relationships are the processes considered as 

contributing to air-water interfacial area. Capillarity and adsorption are the primary 

processes that serve to retain water in soils, influencing the soil-water distribution and 

consequently, the formation of the air-water interface. Capillarity refers to the filling of 

pores based on matric potential gradients in the system, with smaller pores filling 

preferentially at lower soil-water contents. Adsorption refers to the formation of thin 

water films on mineral grains due to favorable interactions between the polar water 
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molecules and charged mineral surfaces. Thus, beyond soil-water content, it is suggested 

that soil-water distribution will significantly influence interfacial areas. It appears that 

models accounting solely for capillarity yield the parabolic relationship between 

interfacial areas and soil-water content. Conversely, models that include both adsorption 

and capillarity effects tend to result in the continually decreasing trend. 

Both of the proposed relationships between air-water interfacial area and soil-

water content contribute to our understanding of the air-water interface. However, 

neither model is entirely consistent with our knowledge of the air-water interface in all 

soil-water content regions. If both approaches are merged, a more complete and accurate 

picture of the relationship between interfacial area and soil-water content emerges, as 

shown in Figure 2-2. Specifically, the air-water interface should reach a maximum value 

that approaches the surface area of the medium. This maximum interfacial area would be 

achieved when the soil-water has formed a uniform coating on the porous medium grains. 

Below the soil-water content required for formation of a uniform water film, the 

interfacial area should accordingly decrease, becoming zero when no water is present. 

Likewise, at soil-water contents greater than that required for uniform film coverage, the 

interfacial area should also decrease, becoming zero at saturation. This new description 

of the interfacial area/soil-water relationship is most consistent with the current 

understanding of the air-water interface in soils. However, there may be practical 

constraints to observing this behavior. As will be described in more detail in a later 
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Figure 2-2. Proposed Relationship between Interfacial Area and Soil-Water Content. 
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section, all current interfacial area measurement methods rely on the porous medium 

being completely water-coated. The sub-uniform water coverage region discussed above 

does not conform to this experimental requirement. The presence of exposed mineral 

grains in the sub-uniform water coverage region would prohibit current methods from 

accurate interfacial area measurements in this region. Note that the general shape of the 

curve in Figure 2-2 is consistent with the current understanding. However, the specifics 

of the relationship between air-water interfacial areas and soil-water content, such as the 

soil-water content associated with the interfacial area maximum and the slope of the 

interfacial area decrease on either side of this maximum, will likely be dependent on 

properties of the soil system, such as texture. 

Mathematical Modeling of Interfacial Areas 

A number of mathematical models have been proposed to quantify the specific 

air-water interfacial area in a variety of real and hypothetical soil systems. .As discussed 

above, the models fall into two general categories, according to which of the two 

proposed relationships between interfacial area and soil-water content they predict. The 

general "parabolic" relationship between interfacial area and soil-water content is 

predicted by Gvirtzman and Roberts (1991) and Reeves and Celia (1996), while the 

nonlinear decreasing trend is predicted by Gary (1994), Tuller et al. (Or and Tuller, 1999: 

Tuller et al.. 1999), and Silverstein and Fort (2000a; 2000b). An interfacial area model 

proposed by Bradford and Leij (1997) does not fall into either category, because the 
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model is not applicable to the low soil-water content region that differentiates between 

the parabolic and nonlinearly decreasing behavior. The Gvirtzman and Roberts and 

Reeves and Celia models do not account for adsorption contributions (thin water films) to 

interfacial area, while the others do. This suggests that perhaps the neglect or 

consideration of adsorption contributions to interfacial area may account for the 

difference in predicted interfacial area trends. 

Gvirtzman and Roberts (1991) examined the relationship between interfacial area 

and soil-water saturation for two ideal packing structures of identical 250-|j.m spheres. 

Cubic (air-filled porosity, 0^=0.47) and rhombohedral (0^=0.26) packing structures were 

examined. The ideal soil model is based on geometry variables, such as sphere radius, 

packing structure, and on fluid contact angles and the Laplace equation. The results are 

most similar to the parabolic relationship for soil-water content dependence. The 

maximum interfacial area is observed to be in die range of 15-25% saturation, which is 

approximately 5-9% soil-water content for a typical sand (porosity=0.35). Regardless of 

process-contributions, it is expected that interfacial area should never exceed the surface 

area of the porous medium. Therefore, comparison of maximum predicted interfacial 

areas and surface area serves as a qualitative check on whether the model interfacial area 

estimates are reasonable. The maximum interfacial area is estimated to be approximately 

40 cm ', compared to a geometrically-calculated surface area of 150 cm ', and is therefore, 

consistent with soil properties. The behavior of interfacial area versus saturation is very 
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similar for both packing structures. Qualitatively, the relative interfacial area (normalized 

to solid surface area) is observed to increase more quickly for the more loosely packed 

cubic arrangement, i.e., the slope of relative interfacial area versus saturation is slightly 

greater. 

Cary (1994) presents interfacial area versus soil-water content data for three 

hypothetical soils as calculated using three semi-empirical models proposed by Cary 

(1994) and Miller et al. (1990). The three hypothetical soils represent a typical sand, silt, 

and clay. The models are based on capillary tube pore-geometries and empirically-fitted 

parameters, taking water adsorption into account. Predicted interfacial areas decrease 

nonlinearly with soil-water saturation and are similar for all three models for all soils, as 

illustrated in Figure 2-3 for the sand system. Cary reports two forms of the Miller et al. 

model (A and B in Figure 2-3). Both the Miller A and B models predict finite interfacial 

areas at soil-water saturation, which is inconsistent with the fact that the air-water 

interfacial area must be zero when no air is present in the system. The Miller B model 

forces the maximum interfacial area to equal the surface area of the soil at zero saturation, 

while the Miller A model does not. Because the Cary model is the only one of the three 

that predicts zero interfacial area at soil-water satxiration, as is reasonable, only the Cary 

model will be discussed ftirther. 
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Figure 2-3. Model Comparison; Prediction of Interfacial Area versus Soil-Water 
Content for Hypothetical Sand System. 

Note that at zero soil-water content both the Cary and Miller B models 
force the interfacial area to equal the soil surface area of 120 000 cm '. 

Adapted from Cary (1994). 
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The results of the Gary model are useful in examining the expected texture 

dependence of interfaciai area. The simulated data for the hypothetical sand, silt loam, 

and clay systems are shown in Figure 2-4. The same trend in interfaciai area versus soil-

water content is observed for all three textures. The model forces the interfaciai area to 

equal the porous medium surface area at a soil-water content of zero. Consequently, the 

clay is predicted to have the largest specific interfaciai area at all soil-water contents, 

followed by the silt loam and sand. 

Reeves and Celia (1996) used a pore-network approach to describe soil-water 

effects on interfaciai area. The network is created by defining pore-space geometries, 

e.g.. pore body- and pore throat dimensions. By defining the pore-space rather than the 

solid porous medium itself, the solid phase is implicitly considered, although it is not 

clear what soil texture is represented by the defined system. The Laplace equation and 

the simulated pore geometries are coupled to arrive at interfaciai areas. A parabolic 

relationship of interfaciai area passing through a maximum of 3-4 cm ' at soil-water 

saturations of 20-40% (approximately 7-14% soil-water content) and dropping to zero 

area at the wet and dry extremes is predicted. Specific surface area of the modeled 

porous medium is not reported, and therefore comparison with the estimated interfaciai 

areas is not possible. Reeves and Celia estimated interfaciai areas during both wetting 

and draining events. The results show very little overlap of the wetting and draining 

curves for the interfaciai area 
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Figure 2-4. Texture Comparison; Prediction of Interfacial Area versus Soil-Water 
Content for Hypothetical Sand. Silt Loam, and Clay Systems. 

Adapted from Cary (1994). 
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versus saturation relationship, indicating strongly hysteretic behavior. Hysteresis in 

interfaciai areas is consistent with expectations based on the well-documented hysteresis 

in soil-water characteristic curves. 

Early efforts by Leverett (1941) and Morrow (1970), furthered by Bradford and 

Leij (1997). and more recent efforts by Or and Tuller (1999) and Tuller et al. (1999) have 

relied on a thermodynamic interpretation of e.xperimental capillary pressure-saturation 

(P,-S) plots obtained for two- and three fluid systems to derive estimates of interfaciai 

areas. Bradford and Leij present results for a water-wet artificial sand system. Within the 

soil-water content range examined, results indicate that interfaciai area achieves a 

maximum value at the residual soil-water content of the wetting fluid (i.e. soil-water 

content after gravity-drainage) and decreases as saturation is approached. Residual soil-

water content for their system ranged between approximately 4.5% and 15%. Their 

model relies on experimental water-drainage curves, and therefore does not provide 

information at soil-water contents lower than the residual. For this reason, it is not clear 

whether the maximum interfaciai area observed is truly the maximum for the system or 

whether it simply represents a local maximum (i.e., the maximum within the soil-water 

content range examined). The maximum specific interfaciai area reported by Bradford 

and Leij is approximately 160 cm"'. This value falls in-between the reported surface areas 

of 2 034 cm ' and 82 cm ', measured by krypton/BET and calculated using a smooth 

sphere-model methods, respectively. The maximum interfaciai area is greater than, and 
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therefore, inconsistent with the calculated surface area. However, it remains consistent 

with the measured surface area. This may indicate that calculated surface areas represent 

an inappropriate point of comparison for interfacial areas. This may be because one or 

more of the assumptions included in the surface area calculations (e.g., smooth spherical 

grains, uniform "average" sphere size) do not adequately represent the natural system. 

Alternatively, the inconsistency between calculated surface areas and model results may 

represent uncertainty in the model itself Similar to Reeves and Celia (1996), Bradford 

and Leij (1997) consider the interfacial area diuing both wetting and draining events. 

They also observe welting and drying hysteresis to significantly influence interfacial 

areas. 

Or and Tuller (1999) present modeling results for several soil textures. Similar to 

the approach used by Cary, discussed above. Or and Tuller force the interfacial area to 

equal porous medium surface area at zero soil-water content. The model allows a more 

realistic description of pore geometries than previous models. Most interfacial area 

models approximate the pore-space in porous media as a bundle of capillary tubes. The 

Or and Tuller model allows angular pore geometries by defining effective pore-body (L) 

and pore-neck lengths (pL) and widths (aL), as well as a number of angles, depending on 

the chosen pore-body shape (e.g., square, triangle). The geometric parameters can be 

chosen to represent different textural and structural classes. For e.xample, Warrick (2001) 

suggests using small L and large P values to represent the small pore sizes and large 
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internal surfaces of clay soils. Or and Tuller take both adsorption and capillarity into 

consideration and give evidence that adsorptive processes may serve as the dominant 

contributor to the formation of air-water interfacial area in some systems. The Or and 

Tuller model forces the interfacial area to equal zero under saturated conditions and to 

equal the specific surface area of the soil at oven-dry conditions. Between these two 

boundary conditions, the predicted trend in air-water interfacial areas is a nonlinear 

decrease in area as soil-water saturation increases, as shown in Figure 2-5. Film 

adsorption is predicted to contribute virtually all of the interfacial area in the modeled 

system. Thus, failure to take thin films into account may cause significant 

underestimation of interfacial areas in porous media. 

Finally, the most recent model in the literature is proposed by Silverstein and Fort 

(2000a; 2000b). Their model is based on the concept of energy minimization. The model 

space is created by defining square grid elements as "solid elements" to create a random 

packing of different size quartz spheres. The total surface area of the defined solid phase 

was chosen to mimic two different sand systems. Each side of a square solid element that 

is not adjacent to another solid element has a thin water coating. In addition to these thin 

films, soil-water content is defined in the system by defining the number of water grid 

elements. Air elements comprise the remainder of the model space. The water and air 

elements are then arranged in the space by optimizing the element arrangement to 

minimize system energy. The size of the elements (i.e., the resolution of the element 
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Adapted from Or and Tuller (1999). 
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grid) was balanced against computational constraints. An approximately linear decrease 

in interfacial areas was predicted for increasing soil-water contents. The ma.\imum 

predicted interfacial area reported were approximately 182 cm ' and 189 cm ' for sand 

systems containing particle-size ranges of 20-106 ^m and 75-90 jim, respectively. The 

calculated surface areas for these same systems were 604 and 440 cm'', respectively. The 

modeled interfacial areas are comparable for the two systems and do not appear to be 

sensitive to the difference in surfaces areas of systems examined. It should be noted that 

as an artifact of the solid-element packing algorithm used, the model-generated sand 

systems had atypically high porosities of 0.68 and 0.72. It is not clear how this would 

effect interfacial area estimates. 

Silverstein and Fort (2000a) reported improvements to their initial model for 

predicting interfacial areas at low soil-water contents. In low soil-water content systems 

with a discontinuous water-phase, they believe that low hydraulic conductivities may 

prohibit the system from achieving the global energy minimum, described above. 

Therefore, at low soil-water contents, the system achieves only a local (higher) energy 

minimum, resulting in larger interfacial areas than predicted using a global energy 

minimization model constraint. A modification allowing local energy minimization or 

metastable configurations yields results showing the same general trend as their previous 

model, but is shifted to slightly higher interfacial areas. 
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Silverstein and Fort (2000c) also propose a method to determine the configuration 

of water in porous media using their interfacial area model. The results of their model 

show that a significant decrease in interfacial area occurs in response to a very small 

increase in soil-water content. The results of their digital element model visually 

demonstrate that this drop in interfacial area is coincident with a shift in soil-water 

distribution from capillary spaces around contact points of soil grains to filling small 

pores. In a typical simulation, the addition of a single water element to the system caused 

the energy minimum to be satisfied only if 11 pre-existing water elements moved from 

capillary spaces to fill the small pore. Thus, the addition of a single water element 

decreased the measured air-water interfacial area significantly. This behavior is 

consistent with current understanding of pore-filling and represents the first direct model 

correlation between pore-filling and air-water interfacial areas in porous media. 

.A. summary of the reported interfacial area modeling efforts is provided in Table 

2-2. It is clear that models which include water adsorption predict a maximum interfacial 

area at very low soil-water contents that decreases in a nonlinear manner toward zero at 

saturation. Models that do not include water adsorption predict the parabolic trend. Most 

of the models predict interfacial areas that are less than measured or calculated surface 

areas, which lends some support for the model values. Only the Bradford and Leij model 

yielded interfacial area estimates that exceeded calculated surface areas. Due to the 

variety of methods used to measure and calculate surface areas and the fact that certain 



56 

Table 2-2. Summary of Interfacial Area Modeling Results. 

Model Processes A^IA'QW SA Max. Ai^^ (cm"') 
Trend (cm-') (0w) 

(Gvirtzman and C Parabola Cubic 65 40 
Roberts. 1991) 

Rhom. 150' 

(0.08) 

40 
(0.06) 

(Car\'. 1994) C,A Nonlinear S 120 000" 
Si 1 000 000" 
CI 2 500 000" 

120 000* 
1 000 000* 
2 500 000* 

(Reeves and Celia. C Parabola NR J 
1996) 

(Bradford and Leij, C - 82 V 2 034 •= 160 
1997) 

(Or and Tuller, 1999)' C.A Nonlinear 172 V 2 064" 172* 
(Silverstein and Fort. C,A Nonlinear Sand A 604" 182 

2000b) Sand B 440' 189 

Note; SA=Surface Area; C=Capillarity; A=Water Adsorption; S=Sand; Si=Silt; Cl=Clay; 
NR=Not Reported; *=Maximum A^^ forced to equal Surface Area at 0.0 0^.. 

•' Calculated based on spherical particles and assumed packing. 
Defined for hypothetical soil. 

' Measured by Krypton/BET methods. 
' Measured by Nitrogen/BET methods. 
Or and Tuller present results for a number of soils and soil textures, not discussed here. 
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models force interfacial areas to equal surface areas, it is difficult to draw firm 

conclusions from the modeling data regarding the influence of surface area on interfacial 

areas. It may be necessary for experimental measurements of interfacial area to be 

compared to known textures to provide this additional information. 

Methods for Measurins 

No well-tested and accepted method exists for direct measurement of air-water 

interfacial areas. Without such a method, interfacial retention cannot be predicted nor its 

significance in a system evaluated. A laboratory-scale method would be critical in 

increasing the theoretical understanding of the interface. Field-deployable methods 

would also be desirable for more practical applications, such as risk assessment, site 

characterization, and remediation planning. Five laboratory approaches are found in the 

literature, and will be discussed in detail below. The underlying principles governing 

these methods and their practical implementation will be discussed. 

Two of the methods make use of well-established miscible-displacement column 

experiment procedures, in which a solute-containing fluid is passed through a packed 

column and effluent solute concentrations are measured over time. Typically, a pulse of 

the solute is introduced and then flushed from the system. The resulting graph of 

concentration versus time, termed a breakthrough curve, can be analyzed by the method 

of moments to determine the retardation factor, R, for that compound in the experimental 

system. As defined in Equation 2-5, R represents the total retention of the solute by all 
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possible mechanisms. If one retention domain in a system dominates the total retention 

of a given compound, that compound can be used as a '"partitioning" tracer for that 

domain. The more general term of reactive tracer is preferred here, because technically, 

adsorption at a tvvo-dimensional interface carmot be considered as a partitioning process. 

For an interfacial tracer. Equation 2-5 can be simplified, here given with respect to a 

mobile vapor phase: 

(2-14) 

Therefore, if and R are known, the equation can be solved for Two variations 

of the reactive tracer metliod have been proposed for interfacial area measurement: the 

first relies on a gaseous interfacial tracer; the second makes use of an aqueous-phase 

interfacial tracer. For the latter. Equation 2-14 is altered to reflect a mobile aqueous 

phase. 

Gas-Phase Interfacial Tracer Method 

For a gas-phase interfacial tracer experiment, the gaseous tracer contained in a 

balance of some inert gas, such as nitrogen, is passed through the packed column. The 

interfacial tracer partitions between the mobile inert gas stream and the relatively 

immobile gas-water interface. Any retention of the tracer is attributed to adsorption of 

the gaseous tracer at die interface. A viable gaseous interfacial tracer has properties in 

keeping with those described above for highly surface active vapors. The compound 
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must be relatively water-insoluble, and have an intermediate saturation vapor pressure. If 

the compound is too volatile, it will not be measurably retarded by the system, while 

increased retention of less volatile compounds may result in unreasonably long retention 

times. 

Okamura and Sawyer (1973). Conklin et al. (1995), Brusseau et al. (1997), Silva 

(1997). Enright (1998), and Kim et al. (1999b) have conducted gas-phase experiments 

from which interfacial area measurements were obtained. Brusseau et al., Silva, Enright. 

and Kim et al. used straight-chain alkanes as specific interfacial tracers, designed to 

measure interfacial areas. Conversely. Okamura and Sawyer and Conklin et al. 

conducted transport and fate experiments from which they obtained interfacial areas. The 

alkanes used were heptane and decane. for which interfacial adsorption was observed or 

assumed to be the dominant retention mechanism. Okamura and Sawyer measured 

interfacial areas using composite data from several halomethanes. including 

dichloromethane and trichloromethane. while Conklin used p-xylene to estimate 

interfacial areas. Strictly speaking, the halomethanes and p-xylene are relatively nonideal 

interfacial tracers because they are retained significantly by several processes within the 

system. The authors accounted for the multiple retention processes in their data analysis, 

and in fact, did not claim to use these compounds as interfacial tracers. However, the 

resultant data from these studies are useful to the current discussion and are therefore 
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included. In all cases, interfacial areas were calculated using measured retardation 

factors, known values, and versions of Equation 2-14. 

Conklin et al. estimated interfacial areas of 11 700 and 3 300 cm ' for a sand 

system at 18% and 10% soil-water content, respectively. The BET surface area of the 

system was between 68 000 and 73 000 cm ', while calculated areas were approximately 

100 cm '. The calculated surface areas are not consistent with the measured interfacial 

areas. To the author's knowledge, the study by Conklin et al. represents the only instance 

of an experimentally-observed inverse relationship between interfacial areas and soil-

water content. Brusseau et al. measured an interfacial area of 61 095 cm ' for a silica 

sand system with 10% soil-water content; however, porous medium surtace area was not 

reported. Enright reported interfacial area values for a synthetic porous medium that 

ranged between 13 301 cm"' and 6 674 cm ' for 4.7% and 14.1% soil-water contents, 

respectively. Enright reported an average surface area of 28 200 cm"', although it is not 

clear how this was measured. Calculated surface areas for the Enright soil were estimated 

to be appro.ximately 110 cm"'. Similar to the Conklin et al. results, the calculated surface 

areas are not consistent with measured interfacial areas, while the measured surfaces 

areas are. The issue of surface areas estimations will be discussed further in the Method 

Comparison section. Silva reported interfacial areas for a commercial silica sand 

(N./BET surface area of 11 136 cm"') ranging between 789 and 3 662 cm"' for soil-water 

contents between 19.5% and 4.5%, respectively. Kim et al. measured interfacial areas at 
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approximately 25 soil-water contents, using decane as the interfacial tracer. The 

maximum interfacial area value, which was obtained at the lowest soil-water content, was 

approximately 1 500 cm"', compared to Ni/BET-measured and calculated surface areas of 

2 064 and 182cm respectively. Again, calculated surface areas are inconsistent with 

the measured interfacial areas. Interfacial areas were observed to decrease nonlinearly 

with increasing soil-water content, supporting the trend predicted by several interfacial 

area models. Interfacial areas reported by Okamura and Sawyer for a Gila silt loam were 

similar to those reported by Enright. ranging between 2 600 cm"' and 13 900 cm ' for soil-

water contents between 29% and 5%, respectively. However. Okamura and Sawyer did 

not report porous medium surface areas. 

The decrease in interfacial areas with increasing soil-water content reported by 

Okamura and Sawyer. Enright, Silva. and Kim et al. is in general agreement with models 

that include adsorption processes, discussed above. However, the inverse relationship 

reported by Conklin et al. may support the parabolic trend predicted by Gvirtzman and 

Roberts (1991) and Reeves and Celia (1996). Figure 2-6 shows the trends between 

specific interfacial areas and soil-water content reported by the various gas-phase 

interfacial tracer studies. Support for the values obtained by the gas-phase tracer method 

is found in the success reported by Brusseau et al. (1997) in predicting retardation factors 

values for trichloroethene transport based on the tracer-derived apparent interfacial areas 

(Rp rcdicted 29 versus R„^^=8.25). 
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Figure 2-6. Gas-phase Tracer Results: Interfacial Area versus Soil-Water Content. 

Adapted from Okamura and Savvyer (1973). Conklin et al. (1995). Silva 

(1997), Enright (1998). and Kim et al. (1999b). 
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Differences among the interfacial areas reported above are likely due to 

differences among surface areas of the porous media examined. In order to assess the 

relationship between surface areas and interfacial areas estimated by the gas-phase tracer 

method, maximum reported interfacial areas were plotted against porous medium surface 

areas (Figure 2-7). As expected, there is a positive correlation between interfacial areas 

measured by the gas-phase method and measured surface area (r=0.37). 

A concern regarding this interfacial area measurement technique is the 

redistribution of water in the system due to changes in aqueous surface tension. .A.s 

discussed previously, adsorption of organic vapors on water tend to decrease the surtace 

tension of the water. This decrease in surface tension may cause pores to dewater. 

changing both soil-water content and interfacial area in the system. This behavior and 

large decreases in surface tension are minimized by using interfacial tracer concentrations 

(vapor pressures) as low as possible. The presence of disconnected pore space in wetted 

soils is another aspect to consider regarding the gaseous tracer method. The gaseous 

tracer can only easily access interfaces bounding possible flow paths, i.e.. connected 

pores. The occurrence of disconnected pore space may therefore result in artificially low-

measured values of total interfacial area. It is expected that disconnected air-filled pore 

volume will increase with increasing soil-water saturation. Disconnected pores are only 

considered a complication in attempting to quantify the total interfacial area present in a 

given system. However, if one considers contaminant transport applications, the gaseous 
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tracer may actually access the same interfaces as the contaminant vapors. It is expected 

that the relatively insoluble VOCs would be in contact only with interfaces bounding 

connected pore space, similarly to the gaseous tracer. It is possible that more soluble 

compounds may dissolve in and diffuse through immobile water films to an interface 

bounding discormected pores. However, if the VOC has sufficient solubility to force 

consideration of this possibility, it is also possible that aqueous dissolution and its 

associated rate limitations would replace interfacial adsorption as the dominant retention 

mechanism. Therefore, while not providing total interfacial area measurements, which 

might prove helpful in furthering the theoretical understanding of the interface, the 

apparent interfacial area potentially measured by a gas-phase tracer under some 

conditions may prove more useful in practical applications, such as predicting VOC 

retention and transport. 

Aqueous-Phase (Surfactant) Interfacial Tracer Method 

The aqueous-phase interfacial tracer method is quite similar to the gas-phase 

tracer method described above, with the exception that water is the mobile phase carrying 

the interfacial tracer. Equation 2-14 is modified to reflect this: 

K, If A, 
R = l + - ^  ( 2 - 1 5 )  

Physical properties of an appropriate aqueous interfacial tracer include little tendency to 

adsorb to the solid mineral phase, low volatility, high water solubility, air-water 
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interfacial activity culminating in monolayer coverage, and a known and constant 

molecular area at the interface (Kim et al., 1997). Anionic surfactants appear to fit these 

criteria. 

Saripalli et al. (1997b) and Kim et al. (1997; 1998) have demonstrated the 

surfactant interfacial tracer technique for measuring gas-water interfacial areas in 

laboratory-scale porous media systems. Sodium dodecyl benzene sulfonate (SDBS) was 

used as the aqueous interfacial tracer in a sand medium, the same porous medium that 

was used in the gas-phase interfacial tracer studies reported by Kim et al. (1999b) 

discussed above. Si.x experiments were performed at soil-water contents ranging from 

11% to 100%. Figure 2-8 shows the measured interfacial areas as a function of soil-water 

content. At the lowest soil-water content, the measured interfacial area is 46.4 cm '. This 

value can be compared to N,/BET-measured and calculated surface areas of 2 064 and 

180 cm"', respectively. It is observed that at higher soil-water contents the interfacial area 

decreases linearly toward zero at saturation. A six-point regression of interfacial area 

versus soil-water saturation. yielded the following bestfit line: 

••ifj [cm ' ] = -64.75,. + 64.7 (^^=0.97; n=6) (2-16) 

The observed behavior of interfacial area as a ftinction of soil-water content is consistent 

with the pore-filling theory, discussed above. This trend has been observed in several 

interfacial area modeling results and lends support to the surfactant tracer interfacial area 

measurement method. 
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Figure 2-8. Aqueous Interfacial Tracer Method: Interfacial Area versus Soil-Water 
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Adapted from Kim et al. (1997). 
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The aqueous transport study by Kim et al. (1998) provides further support for the 

aqueous tracer method. In this study, the interfacial areas obtained previously were used 

to successfully predict the total retention of other aqueous-phase compounds in an 

unsaturated porous medium. Predicted R-values were on average within 3% of the 

experimentally observed retardation factors. Interestingly, interfacial retention comprised 

on average 60% of the total retention for the alcohols, and on average only 3% of the total 

retention for the aromatics. These results illustrate the importance of chemical properties 

on the relative significance of interfacial retention. 

The absolute values of interfacial area for a sand system at 10% soil-water content 

reported by Kim et al. (1997) (SDBS surfactant tracer) are significantly lower than areas 

measured for the same porous medium using the gaseous tracer technique discussed 

above, as shown in Figure 2-9. Kim et al. (1999b) suggest that, in fact, the aqueous-

phase tracer method may underestimate interfacial areas. Interfacial mobility may be 

induced by advective water flow, causing the interfacially-retained surfactant mass, 

previously assumed to be immobile, to be moving in the direction of flow, thereby 

reducing the measured retardation factor. A reduced retardation factor would lead to 

underestimates of the interfacial area. 

In addition to the possibility that the aqueous tracer method yields artificially low 

interfacial area values, there is an additional feature to be noted in Figure 2-9. The 

difference between the interfacial area values measured by the gas-phase and aqueous-
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phase tracers increases under drier soil conditions. This increasing discrepancy between 

the two methods may be due to the fact that the gas-phase and aqueous-phase tracers are 

actually accessing different physical domains. Because the surfactant tracer will only 

contact the air-water interface that bounds mobile water pathways, while the gas-phase 

tracer will only contact interfaces bounding advective gas pathways, the two tracers are 

likely measuring slightly different fractions of the total air-water interface contained in 

the system. Since the dynamic surfactant tracer cannot access immobile water, a 

surfactant tracer cannot not measure air-water interfaces formed by nonadvective 

adsorbed water films in unfilled pores. Rather, the surfactant will likely access only air-

water interfaces formed by pendular rings and filled pores. Conversely, unfilled pores 

containing only thin water films adsorbed to the pore walls would be readily accessible to 

gas-phase tracers. Modeling results showing that thin-films may represent the dominant 

contribution to total interfacial area in some systems supports the hypothesis that tracer-

accessibility to different physical domains in the porous media would result in lower 

surfactant-measured interfacial areas. The aqueous-phase interfacial tracer technique may 

provide interfacial information important to examination of multiphase flow conditions, 

such as drainage and imbibition, yielding information regarding how water is held and 

transported through unsaturated porous media. 

There are certain limitations inherent to the aqueous tracer technique. Aqueous 

tracer experiments are not feasible at lower soil-water contents, due to capillary pressure 
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constraints on achievable flow rates. At low soil-water contents, impractical or 

impossible pressure gradients would be required to overcome the high matric potentials. 

.'\dditionaUy. the increased fraction of disconnected, immobile water at low soil-water 

contents limits measurement accuracy. This is analogous to the discussion of gaseous 

tracers at higher soil-water contents. 

Similar to adsorption of the gas-phase interfacial tracers, surfactant accumulation 

at the air-water interface tends to decrease the surface tension of the water. However, in 

the case of surfactants, the decrease in interfacial tension will likely be much greater. As 

discussed above, this may induce water redistribution in the system and mobilization of 

the air-water interface. If this occurs, the retention of the surfactant and the measured 

interfacial area may not be representative of the original system. Kim et al. (1998) 

suggest two ways to minimize this behavior. First, surfactant concentrations should be 

kept low. so as to minimize water redistribution. Second, rather than displacing pure 

water from the system with an aqueous surfactant-pulse, (which causes the problematic 

change in surface tension), the system could be conditioned by introducing surfactant-

solution that is then displaced by a radioactive-labeled stirfactant solution. In this 

maimer, the siuface tension remains constant throughout the experiment, while allowing 

the radioactive input pulse to be distinguished from the background solution. Despite 

these precautions, even if transient conditions were eliminated from the e.xperiment. it 
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remains that the decrease in surface tension induced by the measurement method 

inevitably alters the system relative to natural, surfactant-free conditions. 

Surfactant-Induced Water Mobilization Method 

A static method developed by Karkare and Fort (1993; 1994; 1996) and Karkare 

et al. (1993) and used by Silverstein and Fort (1997) relies on the principles of capillary 

action, by which water is held in the pores of porous media. A horizontal column is 

packed with uniformly wetted porous media. As surfactant is added to one half of the 

column, accumulating at the gas-water interface, the water is observed to redistribute 

until a new equilibrium water distribution is achieved. The surfactant causes a reduction 

in the surface tension of the water and forces a decrease in matric potential, which causes 

partial dewatering of the pores. When the system becomes stable again, it is observed 

that the section of the column to which surfactant was added is depleted almost uniformly 

of water, while the surfactant-free half has a soil-water content much greater than the 

initial. This water mobilization is observed only for surfactant concentrations greater 

than a critical value, corresponding to monolayer coverage. Thus, knowledge of the area 

per molecule (inverse of surface excess) at which the mobilization occurs and the 

minimum amount of surfactant needed to achieve this critical mobilization concentration, 

allows the calculation of the interfacial area. 

There are four surfactant properties required for die desired behavior to be 

observed (Karkare et al., 1993). The surfactant must be water soluble, but interfacially 
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active. Second, the surfactant must form a condensed solid monolayer. A condensed 

solid monolayer is one that is relatively incompressible. This results in a well-defined 

surface concentration (excess) at monolayer coverage, which is required for calculating 

interfacial areas. Additionally, this prohibits the surfactant from being mobilized or from 

spreading at the interface. This is discussed in more detail below. Third, surfactant 

coverages less than that required to form the solid monolayer must have minimal effect 

on the surface tension (i.e. no water mobilization), but at monolayer coverage, a 

measurable amount of water must be mobilized (i.e. significant decrease in surface 

tension). If surface tension were to decrease over a range of surfactant coverages, the 

surfactant mass necessary to achieve monolayer coverage would be unknown, and 

interfacial areas could not be computed. Lastly, the surfactant must not form multiple 

layers at the gas-water interface. If multilayers are formed, the calculated interfacial area 

would be artificially high. 

It is important to note that because the surfactant forms a solid monolayer, the 

surfactant itself remains more or less in its original location even during induced water 

flow. In fact, it is because the surfactant remains essentially in its initial location within 

the column that a surface tension (capillary pressure) gradient is maintained throughout 

the duration of the experiment (Karkare and Fort, 1994). If the surfactant were to spread, 

equalizing its concentration throughout the column, the initial surface tension gradient 

would gradually decrease to zero. Without a surface tension (capillary pressure) gradient. 
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tnc water would revert back to its initial relatively uniform soil-water content. This is in 

direct contrast to the behavior discussed above for the surfactant used in the dynamic 

aqueous surfactant method. 

In the Karkare et al. experiments, 1-tetradecanol was used as the water-mobilizing 

surfactant and observed to meet the above criteria. Interfacial areas were measured for 

sand and glass bead systems at several soil-water contents ranging from 5%(wt) to near 

saturation. A plot of interfacial area versus soil-water content for both systems is shown 

in Figure 2-10. At intermediate soil-water saturations, the interfacial area decreases with 

increasing soil-water content. This behavior is consistent with the results of the 

theoretical analyses and compares favorably with the trends observed in the dynamic 

surfactant tracer experiments, shown above. Measured interfacial area values for the sand 

system decreased from 145 cm ' to 20 cm ' as soil-water content increased toward 

saturation and compare favorably with the reported sand surface area of 190 cm ', 

calculated based on geometric arguments. The interfacial area values for the glass bead 

system are larger than the sand at soil-water contents less than 15%. but are comparable 

at higher soil-water contents. Higher areas are expected for the glass beads due to their 

slightly smaller average particle diameter and consequent increase in surface area. The 

maximum estimated interfacial area of the glass bead system (224 cm ') is consistent with 

the reported calculated surface area (288 cm '). 
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Figure 2-10. Surfactant-Induced Mobilization Method: Interfacial Area versus Soil 
Water Content for Wetted Sand and Glass Bead Systems. 

Adapted from Karkare and Fort (1996). 
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Silverstein and Fort (1997) made use of the Karkare method in estimating 

interfacial areas for three glass bead systems of varying average particle sizes, as 

summarized in Figure 2-11. Particle size ranges for the three systems were 80-180 [im. 

25-106 [im. and 75-90 i^m. For each system interfacial areas were measured at several 

soil-water contents. Maximum interfacial areas reported at the lowest soil-water content 

used, approximately 11% 0v^,. were 164. 302, and 345 cm"' for the three systems, 

respectively. The corresponding calculated surface areas were 290, 604. and 440 cm '. It 

is interesting to note that although the 25-106 [im system has the highest reported surface 

area, it does not have the corresponding highest interfacial area at the soil-water contents 

examined. This may represent an inconsistency, but it is equally possible that it may also 

represent different water holding behavior in the two systems of differing particle-size 

distributions. There is simply not enough data regarding such systems to interpret the 

data further. However, it is clear both that the interfacial area estimates zire less than, and 

therefore, consistent with the reported surface areas, and that the trend in areas is 

consistent with the current understanding. 
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Figure 2-11. Surfactant-Induced Mobilization Method: Interfacial Area versus Soil-
Water Content for Three Wetted Glass Bead Systems. 

Adapted from Silverstein and Fort (1997). 
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Surfactant Mass-Balance Method 

Anwar et al. (2000), proposed a new method to measure air-water interfaciai areas 

using SDBS. the same surfactant used in the aqueous-phase tracer and water mobilization 

methods. The method involves saturating a soil column with an SDBS solution and then 

draining the column to the desired soil-water content. The SDBS is then passed through 

the soil column, maintaining the desired soil-water content. The column effluent is 

continually recycled back through the column, until the effluent SDBS concentration 

remains constant. When no additional surfactant mass is retained in the column, it is 

assumed that equilibrium distribution of the surfactant in the system has been achieved. 

In an unsaturated system, the anionic surfactant may be adsorbed to the solid 

phase, dissolved in water, or present at the air-water interface. The authors report that 

saturated-phase miscible displacement experiments indicated no retention of SDBS to the 

solid phase: therefore, sorption to the solid phase was neglected. Thus, the SDBS mass 

balance equation is written as: 

iV/y = M [ + M fy (2-1 7) 

where all mass terms (given in moles) are normalized by the total system volume, where 

MT-. M|. and Mw refer to the total surfactant mass, surfactant mass adsorbed at the air-

water interface, and in the bulk water phase, respectively [mol-cm"']. Using the Gibbs 

adsorption equation (Equation 2-1), surfactant mass at the interface can be further defined 

as; 
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Mi=YAi^  (2 -18 )  

Equation 2-18 can then be solved for specific interfacial area. 

Experiments were conducted in three soil columns containing different size 

fractions of glass beads, ranging in diameter from 212 [im to 850 jim. Average bead 

diameters in the three columns were 250. 500, and 750 (im. Results for the three columns 

are shown in Figure 2-12. Interfacial areas ranged between zero at water saturation to 90. 

72. and 50 cm ' at the lowest soil-water content for the 250-. 500-, and 750-^m systems, 

respectively. The corresponding surface areas for the three systems were calculated to be 

148. 76. and 51 cm"'. As expected, interfacial areas correlated positively to surface area 

and displayed expected behavior relative to soil-water content. Thus, the mass balance 

approach appears quite promising. 

•Anwar et al. (2000) claim that their method overcomes a major drawback of the 

dynamic surfactant tracer method, described above. In the aqueous-phase surfactant 

tracer experiments, it is believed that the surfactant tracer may not have hydrodynamic 

access to the total air-water interface in the soil. This would lead to an underestimate of 

interfacial areas. Anwar et al. believe that because their porous media was initially 

saturated with the SDBS solution, prior to step-wise draining to the desired soil-water 

content, the entirety of the air-water interface was exposed to the surfactant. Thus, they 

believe that their method produces a reasonable estimate of the true total air-water 

interfacial area. While it is true that the entire interface is initially exposed and 
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Figure 2-12. Surfactant Mass Balance Method: Interfacial Area versus Soil-Water 
Content for Three Glass Bead Systems. 

Adapted from Anwar et al. (2000). 
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equilibrated with the SDBS solution, as drainage ensues and air-water interface is created, 

the equilibrium status is disrupted. The aqueous SDBS will re-equilibrate according to 

Gibbs adsorption equation, accumulating at the interface and decreasing aqueous-phase 

SDBS concentrations. The method proceeds by recycling SDBS solution through the 

unsaturated column until no additional SDBS mass is taken up, ensuring that equilibrium 

has been achieved. However, it is reasonable to assume that during this unsaturated 

SDBS-recycling and re-equilibration stage that, just as in the unsaturated dynamic 

column, there are hydrodynamically inaccessible regions. It appears that any region of 

immobile or discormected water that would influence the dynamic aqueous-phase tracer 

experiments, would influence the cianent method similarly. 

Other drawbacks to the method are similar to those discussed above for other 

surfactant methods. Primarily, the decreased aqueous surface tension in a surfactant 

solution causes the water to distribute differently in the porous media system, than would 

surfactant-free solution. Thus, while the methods may accurately measure the interface in 

their system, it may or may not be representative of true unsaturated soil systems. 

Surfactant Diffusion Method 

This method proposed by Schaefer et al. (2000) is similar to the mass balance 

method, above, and also is based on the premise of mass conservation in the system. 

However, it relies upon surfactant diffusion, rather than advection of a surfactant 

solution, to deliver the surfactant to the air-water interfaces. Like the other surfactant 
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methods described, this method also utilizes SDBS. A soil column was filled with a 

surfactant solution, to which sand was added. This was done to ensure complete 

saturation of the sand. A pool of surfactant solution remained at the top of the column. 

The column was then drained into a reservoir to the desired soil-water content, while 

maintaining the pooled solution. By adjusting the height of the reservoir, the desired soil-

water content could be adjusted up or down. This allowed the system to be set to a given 

soil-water content either by drainage or imbibition. After an equilibrium soil-water 

content had been set, the pooled SDBS solution was monitored for concentration 

changes. When no concentration change was detected, it was assumed that any initial 

aqueous-phase SDBS concentration gradient caused by accumulation of SDBS at the 

interface had been satisfied. At this point, equilibrium was assumed. The column was 

unpacked and an extraction and mass balance were performed similarly to that described 

by .-Xnwar et al (2000). 

Experiments were conducted on a sand under both drainage (Figure 2-13) and 

imbibition (Figure 2-14) at several water contents and using several different SDBS 

concentrations, to examine surface tension effects on measured interfacial areas. 

Maximum interfacial areas were approximately 180 and 235 cm"' for the imbibition and 

drainage experiments, respectively. These values are higher than the calculated surfaces 

area of 104 cm but are lower than Ni/BET measured surface area of 1 181 cm '. For 

the drainage studies, experiments 1-5 correspond to SDBS concentrations of 36, 88, 155, 
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Adapted from Schaefer et al. (2000). 
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600. and 850 mg-L"', respectively. For the imbibition experiments, experiments 6-10 

represent column replicates all conducted at an SDBS concentration of 600 mg-L '. In the 

drainage experiments, an inverse linear relationship is observed between soil-water 

content and interfacial areas. There is general overlap of all experiments in Figure 2-13. 

regardless of surfactant concentration, indicating, as Schaefer et al. believe, that 

decreased surface tension does not dramatically affect interfacial areas, as previously 

feared. However, the characteristic curves reported for the lowest and highest SDBS 

concentration solutions show very little overlap, making it surprising that the measured 

interfacial area values appear to be largely independent of surface tension. It should also 

be noted that the change in surface tension values represented by the different SDBS 

concentrations is 16 mN-m"'. While, even the lowest SDBS concentration used decreases 

the surface tension by 22 mN m ' compared to surfactant-free water. Therefore, even 

greater differences are expected between the characteristic curves for an SDBS solution 

and typical soil water. It is not clear if this greater difference would measurably affect the 

measured interfacial areas. 

Contrary to the drainage experiments, the imbibition experiments do not show a 

linear trend, and indeed, no obvious trend is observed. The maximum interfacial area 

values are similar, but there is a good deal of scatter in the data. Differences between the 

draining and imbibition behavior may support the idea that hysteresis in the soil-water 

characteristic curve also affects interfacial areas. However, draining and imbibing 
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characteristic curves were reported for the highest SDBS concentration generally overlap, 

except at high saturations (e.g., >60%). Therefore, based on the characteristic curves it 

would be reasonable to expect very little difference in the interfacial areas during 

drainage and imbibition. It is possible that the scatter observed in the imbibition data are 

not representative of hysteresis or real variation interfacial areas, but rather of uncertainty 

introduced by the experimental method. Schaefer et al. suggest that it is possible that the 

scatter is caused by disconnected water in the system at low soil-water saturations. If 

regions of water were hydrodynamically disconnected, the imbibed surfactant solution 

would not be able to equilibrate with that region of interface, reducing the measured 

interfacial area. 

Method Comparison 

Several approaches have been described for measurement of air-water interfacial 

areas in porous media. All appear to have potential for furthering the current 

understanding of the gas-water interface in soils and its complex dependence on system 

properties (e.g., soil-water content, grain size). The results of experiments conducted at 

several soil-water contents are generally consistent with predicted trends obtained from 

existing interfacial area models that incorporate adsorption (i.e., thin-film), as well as 

capillarity contributions to interfacial areas. Table 2-3 provides a summary of the 

experimental measurements reported in the literature. 
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Table 2-3. Summary of Experimental Interfacial Area Measurements. 

Study Calc. SA 
(cm"') 

Meas. SA 
(cm-') 

Max. Aja (Sw) 
(cm"') 

Method Comments 

(Okamura and Sawyer, 
1973) 

NR NR 14 000 (0.05) GT' multiple 0wS 

(Conklin et al., 1995) 107" 68 460 11 700 (0.18) GT' 2 0ws 
(Karkare and Fort, 1996) S: 190 

GB: 288 
NR 
NR 

145 (0.07) 
224 (0.07) 

SM multiple 0wS 

(Brusseau etal., 1997) NR NR 61 095 (0.16) GT single 9w 
(Silva, 1997) NR 11 136 3 662 (0.05) GT multiple B^s 

(Saripalli et a!., 1997b) 300-500 NR 130(0.25) AT single 0\v 
(Kim et al., 1997) 180 2 064 46.4 (0.11) AT multiple G^s 

(Silverstein and Fon, 
1997) 

A: 290 
B; 604 

C;440 

NR 164(0.11) 
302 (0.11) 

345 (.011) 

SM multiple 0\vS 

(Enright, 1998) 110" 28 200' 13 301 (0.05) GT 2 0v,s 
(Kim etal.. 1998) 180 2 064 60 (0.11) AT* multiple 0\vS 

(Kim et al.. 1999b) 180 2 064 1 500 (0.01) GT multiple 9wS 
(Anwar et al., 2000) A: 148 

B: 76 
C;5l 

NR 90 (0.03) 
72 (0.01) 
50 (0.01) 

SMB multiple Q^y.s & 
surfact. conc. 

(Schaefer et al.. 2000) 104 1 181 I: 181 (0.01) 
D: 235 (0.01) 

SD multiple 9wS 

NR=Not Reported: S=Sand; GB=Glass Beads; GT=Gas-Phase Tracer: SM=Surfactant 

Mobilization; AT=Aqueous-Phase Tracer; SMB=Surfactant Mass-Balance; 
SD=Surfactant Diffusion; I=Imbibition; D=Drainage 

* Not strictly a tracer method, due to multiple processes significantly influencing "tracer" 
retention. 
Calculated from average particle size data provided by author using the method 
described by Haughey and Beveridge (1969). 

" Assumed to be N^/BET measurement, but not stated explicitly by author. 
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It has been proposed, and is perhaps intuitive, that larger interfacial areas should 

be observed for larger surface area porous media. Soil-water content is also known to 

have a large impact on interfacial areas. Nevertheless, it is instructive to examine the 

relationship between the maximum interfacial area measured by the various methods and 

porous medium surface area, despite differences in soil-water content among studies. 

Direct comparison of the entire set of experimental data is difficult, because of the 

different types of surface area information reported. The two methods of determining 

surface area that were often reported in the literature were calculations based on 

geometric arguments and the assumption of smooth spherical particles and N, adsorption 

data analyzed according to the BET isotherm. The latter values would reflect the 

presence of porous media intraparticle porosity, surface roughness, and nonspherical 

particles and are therefore, expected to be much higher than the calculations assuming 

smooth, spherical particles. For example. Kim et al. (1997) reported a calculated surface 

area of 180 cm ', while for the same porous medium reports a NVBET surface area of 

2 064 cm ' (Kim et al.. 1999b). Similarly, Schaefer et al. (2000) reports calculated and 

N;/BET surface areas of 104 and 1 181 cm"', respectively. 

Gas-phase tracer interfacial area results are generally higher than and therefore, 

inconsistent with smooth-sphere calculated interfacial areas (see Table 2-3). Conversely, 

in only two of twelve instances are surfactant-based interfacial area measurements 

inconsistent with calculated siuface areas. In fact, it generally holds that gas-phase 
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methods yield interfacial ai'ea values comparable to the measured N,/BET surface areas, 

while aqueous-surfactant methods yield values comparable to smooth-sphere calculated 

surface areas. This may support the theory that gas-phase and surfactant-based methods 

actually access different physical domains and therefore, yield interfacial area 

measurements for different fractions of the total interfacial area. Evidence for this 

possibility is shown in Figure 2-15. where the measured interfacial areas are plotted 

against smooth-sphere calculated surface areas. The three open squares, representing the 

data from gas-phase tracer experiments, are clear outliers compare to the remaining data, 

representing the various surfactant methods. Although soil-water contents were different 

among experiments, this fact does not account for the clear difference between results 

from the gas- and aqueous-phase methods. For example, even when the Kim et al. data 

are compared just to soil systems with similar calculated surface areas at similar soil-

water contents, such as reported by Anwar et al. and Schaefer et al. (see Table 2-3). the 

gas-phase interfacial area values are approximately an order of magnitude higher than the 

surfactant-method estimates. This may suggest that for comparable surface area systems, 

the gas-phase tracers are measuring a different and often much larger physical domain in 

the soil system. 

The advective surfactant methods can only measure interfacial area that bounds 

continuous advective water pathways. This would exclude interfacial area bounding 

immobile or "isolated" water, water that is cutoff from the primary advective flow. In an 
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unsaturated soil system, this immobile water fraction would likely include water held as 

thin films on the polar mineral surfaces. Thus, the advective surfactant methods may not 

measure significant amounts of adsorbed water films. In fact, the models that consider 

only capillarity contributions to interfacial area and neglect adsorption contributions 

predict interfacial area values of comparable magnitude to surfactant-measured interfacial 

area values (see Tables 2-2 and 2-3). These model results, like the smooth-sphere 

calculated surface areas, are inconsistent with results of gas-phase tracer experiments. 

Models which do include adsorption contributions to interfacial area formation 

force the maximum interfacial area to equal surface areas. Thus, these modeling results 

will differ depending on whether smooth-sphere calculated or Ni/BET measured surface 

areas are used as model input values. If smooth-sphere calculated areas are used in such 

models, the results may be more representative of the magnitude of interfacial area 

accessed in surfactant experiments. Conversely, the use of N,/BET surface areas as input 

values may render the predictions more appropriate for the magnitude of interfacial area 

accessed by gas-phase tracers. This hypothesis is supported by die modeling results 

presented by Or and Tuller (1999) for the soil system described by Kim et al. (1997; 

1999b) using the Or-Tuller model with smooth-sphere calculated surface areas as model-

input values. As shown in Figure 2-16, the smooth-sphere model results describe the 

surfactant data rather well, but severely underestimate the interfacial areas derived from 

gas-phase tracer experiments for the same soil. It would be quite useful to model the 
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same soil system, but use Nj/BET surface areas as model input values. Although the 

smooth-sphere calculated and N^/BET surface areas are of similar magnitude to the 

surfactant and gas-phase tracer-based interfaciai areas, respectively, data are not currently 

available to examine details of the exact physical domains accessed by the two types of 

experiments. 

Figure 2-17 presents measured interfaciai areas versus smooth-sphere calculated 

surface areas, the same data as in Figure 2-15, but excludes the gas-phase tracer data. 

This allows more detailed comparison of surfactant method results. Results from the 

surfactant methods show a clear positive correlation between interfaciai areas and 

calculated porous medium surface areas, as would be expected and suggest that the 

various surfactant methods may yield similar and consistent information regarding 

interfaciai areas. 

In comparing the methods further, it is important to recognize the influence of 

soil-water content on measured interfaciai areas. In order to compare the measured 

interfaciai areas across soil-water contents despite large differences in porous medium 

surface areas, the measured interfaciai areas were normalized by surface area. As 

discussed above, the appropriate surface area to use is not necessarily clear. Because the 

smooth-sphere calculations were reported by all surfactant methods and appeared to be 

consistent with the surfactant results, smooth-sphere calculated surface areas were used to 
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normalize the surfactant-derived interfacial areas. Conversely, the gas-phase experiments 

overwhelmingly reported N^/BET surface areas and the gas-phase results appeared to be 

consistent these surface areas. Therefore, gas-phase interfacial areas were normalized by 

N./BET surface areas. 

The surface area-normalized interfacial areas were plotted against soil-water 

content, as shown in Figure 2-18 for the surfactant-based measurement methods. In 

Figure 2-18. all surfactant methods except the diffusion method proposed by Schaefer et 

al. (2000) are shown as filled squares. The open squares represent the diffusion-based 

data. Unlike in Figure 2-17 where all surfactant methods appeared to yield similar 

interfacial areas, it is clear in Figure 2-18 that the diffusion-based method consistently 

yields higher interfacial area values than the remaining dynamic (advective) surfactant 

methods. As discussed above, the Schaefer et al. interfacial area values exceed the 

smooth-sphere calculated areas. This may indicate that the relatively long time allowed 

for diffusion in the Schaefer et al. method allows the surfactant tracer to access additional 

regions of the total interfacial area that the advective surfactant tracers cannot. The linear 

regression of the remaining surfactant methods shows a relatively linear decrease in 

measured interfacial areas with increasing soil-water content. 

Figure 2-19 shows the N^/BET surface area-normalized interfacial areas plotted 

against soil-water content for the gas-phase methods. The Schaefer et al. interfacial 

areas, observed in Figure 2-18 to stand apart from the results of remaining surfactant 
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Areas, versus Soil-Water Content for all Surfactant-Based Measurement 
Methods. 

The empty squares represent diffusion-based Schaefer et al. (2000) data. 
Filled squares represent the data from advective surfactant-based methods 
(Karkare and Fort, 1996; Kim et al., 1997; Kim et al., 1998; Saripalli et al.. 
1997b; Silverstein and Fort, 1997; Anwar et al., 2000). 
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Figure 2-19. Interfacial Areas, Normalized by N^/BET Surface Areas, versus Soil-
Water Content for all Gas-Phase Interfacial Tracer Studies. 

The empty squares represent diffusion-based Schaefer et al. ((2000) data. 
Filled squares represent the data from the gas-phase studies (Conkiin et al.. 
1995; Silva. 1997; Enright, 1998; Kim et al.. 1999b). 
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methods, were normalized by the respective Ni/BET surface area and included in Figure 

2-19 for comparison (open squares). The expected inverse relationship between 

interfacial areas and soil-water content is observed. The diffusion-based data from 

Schaefer et al. blend well with the gas-phase interfacial area results, suggesting that 

perhaps surfactant diffusion allows measurement of a similar fraction of the total 

interfacial area as does the gas-phase interfacial tracer method. This would be possible if 

film-diffusion allowed the surfactant to access the immobile thin-films that advectively-

transported surfactant cannot. 

The surfactant- and gaseous tracer methods appear complimentary, in that the two 

are most readily applied to different soil-water content ranges. The gaseous tracer 

method is expected to perform better at low to intermediate soil-water contents, where 

disconnected air-porosity is less significant. For analogous reasons, the aqueous tracer 

method is restricted to higher soil-water content systems. It has been proposed by Kim et 

al. (1999b) that the two methods likely investigate different physical domains, due to the 

differences in aqueous-phase and air-phase connectivity in a given system. Additional 

evidence for this phenomenon was presented here. The gas-phase interfacial tracer 

method may yield information of most relevance to the gas-phase transport of volatile 

compounds, while the aqueous-phase surfactant tracer method may be useful for analysis 

of imbibition/drainage behavior in unsaturated soil systems. The surfactant-mobilization, 

mass balance, and diffusion methods also appear quite promising in their ability to 
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delineate interfacial trends and behavior. Application of the method is not experimentally 

observed to be restricted to certain soil-water content ranges. 

With respect to in-situ environmental systems, such as a vadose zone, it is 

improbable that the surfactant-induced mobilization, surfactant mass balance, or 

surfactant diffusion methods could be adapted for field applications. It is not feasible to 

emplace surfactant in the vadose zone within a well-defined area and monitor vertical and 

lateral water mobilization/re-equilibrium, as the mobilization method requires. Nor is it 

possible to extract the injected surfactant from subsurface soil, as required by the mass-

balance approaches. Therefore, the dynamic tracer methods may be more applicable. 

Vi'Tiile the aqueous-phase tracer is feasible, the gaseous tracer method may be preferred 

because much faster gas velocities can be induced relative to water, thereby allowing 

much shorter tests. While the application of interfacial tracer tests is feasible at die field-

scale. their effectiveness has yet to be fully evaluated. 
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3: REVIEW OF REACTIVE TRACER TECHNIQUES 

Background 

In order to understand observed contaminant fate and transport or to simulate 

expected behavior, certain information about the system must be known, such as soil-

water content and contaminant location and distribution. Complicating matters is the fact 

that these parameters are often spatially variable. Traditional methods for measuring soil-

water content or contaminant saturation rely on a dense network of point samples or 

measurements. For example, soil cores may be collected and brought back to the lab for 

gravimetric soil-water content analysis. Even more sophisticated instrumental methods 

for measuring soil-water content, such as neutron attenuation, time domain reflectomeUy. 

or conversion of tensiometer data yield information about relatively small sample 

volumes (10'' m')- A large number of samples are required to fully characterize the 

system, and even then, sophisticated statistical methods are often required to fully utilize 

the data. Especially in the case of a very heterogeneous subsurface, such methods may 

not provide site-representative information. On the contrary, the reactive tracer technique 

may provide a global or site-averaged parameter values at a scale dictated by the 

experimental design. 

The reactive tracer method is based on chromatographic separation of tracers by 

the soil system. Ideal reactive tracers interact with a single phase of the subsurface, 

which slows the average transport of the reactive tracer with respect to a nonreactive 

tracer. In the case of measuring soil-water content, the measured retention of a water-
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partitioning tracer in the soil system is a function of the average soil-water content. 

Furthermore, the soil-water content measured by the tracer represents an average soil-

water content in the system volume swept by the tracer. 

Reactive tracers were originally used in the 1970s by the petroleiun industry to 

measure residual oil saUiration in oil reservoirs (Cooke, 1971; Deans, 1971; Tang, 1995). 

More recently, environmental scientists and engineers have examined the use of reactive 

tracers in measuring a number of physical- and contaminant properties in saturated and 

unsaturated subsurface systems. Reactive tracers have been used to measure NAPL 

saturation in saturated systems (Jin et al.. 1995; Wilson and Mackay. 1995; Nelson and 

Brusseau. 1996; James et al.. 1997; Kim et al., 1999a; Nelson et al., 1999b; James et al.. 

2000) and unsaturated systems (Whitley et al.. 1995; Simon et al.. 1998; Deeds et al.. 

1999b: Mariner et al.. 1999; Whitley et al.. 1999). As discussed above, reactive tracers 

have been used to measure soil-water content (Brusseau et al., 1997; Simon et al., 1998; 

Deeds et al.. 1999b; Mariner et al.. 1999; Nelson et al., 1999a; Carlson. 2001). Finally, 

interfacial areas between the bulk water and NAPL phases (Saripalli et al.. 1997a; 

Saripalli et al.. 1997b; Saripalli et al.. 1998; Kim et al.. 1999a) and the bulk water and air 

phases (Brusseau et al.. 1997; Kim et al., 1997; Saripalli et al.. 1997b; Silva. 1997; 

Enright, 1998; Kim et al., 1999b) have been measured using interfacial tracers. It should 

be noted that the term "partitioning tracer test" is often used to refer to all of the above 

techniques. However, in the latter two applications involving interfacial tracers, it should 

be noted that the interface is considered as a two-dimensional phase, rather than a three-
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dimensional bulk phase, and therefore no "partitioning" can occur at the interface. Thus, 

the more general term of "reactive tracer technique" is preferred here. Because gas-phase 

reactive tracers are used in this research to measure soil-water content and air-water 

interfacial areas, these applications will be discussed in more detail below. 

Theory and Implementation of Reactive Tracer Tests 

The foundation for reactive tracer techniques is the phase-selective retention of a 

given tracer. Ideally, the tracer interacts solely with the phase that it is intended to probe. 

For example, water-partitioning U-acers dissolve from the gas-phase into soil-water, but 

do not sorb to the soil solids or accumulate at the air-water interface. Likewise, air-water 

interfacial tracers accumulate at the desired interface, but are essentially water-insoluble 

and nonsorbing. It is generally assumed that the tracer carrier phase is mobile, while the 

intended retention phase is immobile. The tracer is reversibly retained by the immobile 

phase, slowing its transport with respect to a nonreactive tracer. 

Tracer tests can be adapted to a number of field scenarios, owing to the many 

well-configurations that are possible. Perhaps the simplest tracer test involves a single 

well, through which the tracer is injected into the subsurface and dien extracted after the 

tracer has been allowed to equilibrate with the subsurface. This is termed a "push-pull" 

test. Another one-well tracer test configuration is the use of a vertical recirculation well. 

In this design, a single well is screened at one or more depth intervals. The tracer is 

injected through one screened interval and extracted at the other interval. This generates 

a vertical flow path for the tracer. In the one-well configurations the subsurface volume 
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that is probed by the tracer, is dictated primarily by the flowrates employed and the 

subsurface conductivity, and in the case of the push-pull, the time-duration of the push 

stage. 

Numerous configurations can be implemented with two or more wells, where the 

distance between the injection and extraction wells dictate the subsurface volume targeted 

by the tracer . Thus, average or site-representative information can be gained at virtually 

any physical scale. In multiple-well configurations, not all wells must be actively-

pumped injection or extraction wells. For example, in a two-well system, the extraction 

well may be actively removing the tracer from the system, while the injection well 

passively introduces the tracer into the flow field generated by the extraction well. If a 

system is comprised of active injection and extraction well, the test is termed an interwell 

tracer test. Interwell tracer tests are the most common test configuration used for 

environmental applications. The choice of method is based on site-dependent limitations 

and the goals of the project. 

The flexibility of tracer tests is most apparent in the field situation. However, as 

with all emerging technologies, controlled laboratory experiments must also be conducted 

to verify the method over a range of known conditions and possible complications. In a 

laboratory soil column, the method is employed by packing a soil column with porous 

media, wetted to the desired soil-water content. Typically a scaled-down equivalent to a 

two-well test configuration is used, with active injection provided by a high pressure gas 

cylinder(s) and passive extraction. 
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Typically, analysis of tracer test data is performed using the method of 

comparative moments (Skopp, 1984; Jin et al., 1995). The data is collected in the form of 

breakthrough curves or plots of solute concentration versus time. The retardation factor 

for the reactive tracer is then calculated as the ratio of the mean travel times of the 

reactive and nonreactive tracers. Travel times are calculated as the first normalized 

moment pulse-width corrected. Normalization and pulse-width correction allow 

comparison of data from systems of varying size and experiments conducted with 

different tracer input-pulse durations. The retardation factor is a dimensionless quantity 

indicating the magnitude of retention of the tracer in the soil system. There are 

alternative methods for obtaining travel times and retardation factors, such as the 

•"landmark" method (Tang. 1995) or mathematical modeling. The method of moments 

has certain advantages, including decreased sensitivity to nonideal transport mechanisms 

(e.g.. rate-limited mass transfer) and relative independence from a series of assumptions 

inherent to many model analyses. 

Once the retardation factor is calculated from the breakthrough curve and 

moments analysis, the appropriate retardation equation can be used to calculate the 

parameter of interest (e.g., soil-water content, air-water interfacial area). The base 

retardation equation (Equation 2-5) can be modified to include only the retention 

processes actually experienced by a given compound. For an ideal water-partitioning 

tracer, only the first and second terms in Equation 2-5, representing a carrier gas phase 
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and dissolution into bulk water, are included. Thus, the retardation equation for a gas-

phase water-partitioning tracer is: 

= l + (3-1) 

Likewise for an ideal air-water interfacial tracer, R is defined as; 

/? = 1 + ^3.2) 

Knowledge of physicochemical parameters for the tracer, such as the Henr\ 's 

coefficients or the air-water interfacial accumulation coefficient, allows one to solve 

Equation 3-1 or 3-2 for soil-water content or specific interfacial area, respectively. 

Potential Limitations to the Reactive Tracer Technique 

The performance of reactive tracer tests can be constrained by several factors, all 

indicative of nonideal solute transport. These factors include nonequilibrium conditions, 

nonlinear sorption, and the presence of subsurface heterogeneity. In general, the 

complications introduced by these factors tend to yield artificially low retardation factors. 

Thus, for water-partitioning and interfacial tracers, nonidealities tend to underestimate 

soil-water contents and interfacial areas. 

Equations 3-1 and 3-2 assume equilibrium conditions in the system. Because 

interfacial accumulation is considered as instantaneous, this assumption may be more 

reasonable for interfacial tracers (Lorden et al., 1998). In the case of water-partitioning 

tracers, aqueous-phase diffusional rate-limitations may preclude equilibrium conditions 
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from being achieved. The degree of nonequilibrium depends on the relative magnitudes 

of the characteristic times of mass-transfer and advection. In the case of a water-

partitioning U-acer. mass-transfer times would be represented by aqueous phase diffusion 

coefficients of the tracer. More control, however, can be exerted over the characteristic 

advection time or residence time of the tracer in the system, simply by adjusting the 

advective flowrates in the system. In addition to flowrates, the degree of retention and 

the swept volume of the tracer influence residence time. 

Rate limitations tend to limit contact between the tracer and the entire volume of 

water in the system. This leads to artificially low retardation factors and underestimation 

of the soil-water content in the system. It may be reasonable to assume that rate-

limitations play a larger role in wetter systems, where water is contained in tilled pores, 

than in relatively dry soils, where soil-water is present primarily as thin films or coatings 

on the sand grains. If one quantifies the tracer performance or efficiency as the ratio of 

the predicted soil-water content and the actual, one might expect the efficiency (E) to 

increase as soil-water content decreases. Preliminary studies are in agreement with this 

argument; however, such behavior has not been explicitly examined experimentally. 

In addition to equilibrium conditions, the use of the interfacial adsorption 

coefficient in Equation 3-2 implies that the solute concentrations (vapor pressures) fall 

within the linear region of the isotherm. This assumption may not be valid for certain 

reactive tracers and contaminants, leading to uncertainty in evaluating the mechanisms 

responsible for observed retention. However, in the case of water-partitioning and air-
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water interfacial tracers, the assumption of linear aqueous dissolution or interfacial 

accumulation may be reasonable. In the case of water-partitioning, Henry's law describes 

a linear relationship between air and water concentrations for a given solute. The 

linearity of this relationship is well-accepted (Schwarzenbach et al., 1993). In the case of 

interfacial accumulation of organic compounds on water surfaces or wetted substrates, 

nonlinear isotherms are reported. However, the nonlinearity is observed primarily at the 

higher vapor pressure region of the isotherm (e.g., >0.6 relative vapor pressure). At lower 

vapor pressures, the isotherms are typically quite linear. Therefore, if lower relative 

vapor pressures are employed, it is reasonable to use a single interfacial accumulation 

coefficient in Equation 3-2. 

Subsurface heterogeneity can influence tracer test performance. For example, if 

there are regions or patches of high soil-water content, the advecting gaseous tracer may 

bypass that region, due to preferential flow through drier, higher permeability regions. 

Such bypass flow may serve to limit contact between the tracer and the water phase that it 

is intended to probe, thereby underestimating the soil-water content of the system, as 

discussed above. There are many categories of heterogeneity, from pore-scale differences 

in pore diameters, to field-scale layering of soil textures. In general, all types may 

decrease tracer performance. 
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Previous Work 

Interfacial Tracer Tests 

The use of air-water interfacial tracers in an environmental context is a recent 

development. Individual studies were discussed in detail in Chapter 2 and only relevant 

points are summarized here. To the author's knowledge, all the published work in this 

area has been confined to the scale of laboratory columns, leaving this field of research 

truly in its infancy. Saripalli et al. (1997b) reported using sodium dodecyl 

benzenesulfonate (SDBS). an anionic surfactant, to measure air-water interfacial area of a 

sand system at a single soil-water saturation. Kim et al. (1997; 1999a) furthered the 

SDBS studies by measuring the interfacial areas of the same sand at several soil-water 

contents. Several researchers have explored the use of gas-phase straight-chain alkanes 

as interfacial tracers. Brusseau et al. (1997). Silva (1997) and Enright (1998) 

demonstrated the use of heptane as tracer. 

More recently Kim et al. (1999a) compared the results of aqueous-phase SDBS 

and gas-phase tracer method, in which they used decane as the gaseous tracer. In that 

study. Kim et al. found that the air-water interfacial areas measured by the two methods 

were quite different. Two possible reasons were suggested to account for the discrepancy 

observed. First, it is possible that the gas-phase and aqueous-phase interfacial tracers 

actually measure different fractions of the total air-water interface, dependent on the 

connectivity of the carrier phase in the system. At low soil-water contents, the gas 

porosity of a porous medium system is well-connected; however, at high soil-water 



109 

content, water-filled pores and pendular rings tend to disconnect the gas-phase. The 

converse is true for the aqueous phase; water connectivity in soils is proportional to soil-

water content. A second reason for the differences in measurements by the two methods 

is that the surfactant method caused significant interfacial mobility. The interface would 

tend to move in the same direction as the bulk flow, decreasing the apparent surfactant 

retention, and thus, lead to artificially low air-water interfacial area estimates. Table 3-1 

summarizes the interfacial tracers used to date, and the range in interfacial areas reported. 

Water-Partitionine Tracer Tests 

Several researchers have used water-partitioning tracers to measure average soil-

water content in both laboratory soil columns and field scenarios. In almost all cases, 

halogenated C1 - and C2 hydrocarbons have served as the water-partitioning tracer. The 

high vapor pressure of these small compounds facilitates their transport in the gas phase, 

while the presence of the halogen atom lends polarizability to the molecule, increasing its 

water solubility. Therefore, this class of compounds tends to exhibit an appropriate 

range and nontoxic, properties of ideal tracers. Furthermore, their halogenated nature 

allows most of these compounds to have very low detection limits when quantified using 

an electron capture detector. 
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Table 3-1. Summary of Previous Air-Water Interfacial Tracer Tests 

Study Tracer Carrier Porous ^I.V 
Phase Medium (cm-') 

(Silva. 1997) heptane gas medium sand 10'-10' 
(Brusseauet al., 1997) heptane gas glass beads 10' 

(Kim et al.. 1997) SDBS water fine sand lO'-lO' 
(Saripalli et al.. 1997b) SDBS water fine sand 10' 

(Enright. 1998) heptane gas Chromosorb P -10' 
(Kim et al.. 1999b) decane gas fine sand 10'-10' 

note: SDBS refers to sodium dodecyl benzenesulfonate. 
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Simon et al. (1998) reported the use of bromochlorodifluoromethane as a water-

partitioning tracer in a field study conducted at Tucson International Airport Air Force 

Plant 44. Studies by Deeds et al. (1999b) and Mariner et al. (1999) report the use of 

difluoromethane as a water-partitioning tracer both at the field-scale. A problem inherent 

to field implementation of this relatively new and untested tracer application is that there 

can be no independent check on the results. The soil-water contents measured in the 

various studies using the tracer technique were not known by other means, and therefore 

the claimed success of the method may be premature. 

Laboratory- and intermediate-scale U-acer tests reported by Brusseau and 

colleagues (Brusseau et al., 1997; Nelson et al., 1999a; Carlson, 2001) and Kim et al. 

(1999b) have begun to address the need to check the performance of the water-

partitioning tracer technique under various system conditions. Brusseau et al. reported 

the use of carbon dioxide as a water-partitioning tracer in laboratory soil columns. The 

retention of carbon dioxide by a wetted silica sand system yielded a soil-water content 

estimate of 14%. close to the actual 16% determined gravimetrically. In an extensive 

series of sand column experiments, Kim et al. used methylene chloride and chloroform as 

water-partitioning ttacers. While these compounds could not be used in a field setting, 

due to their carcinogenic nature, they do appear useful in the closed laboratory setting. 

The tracers measured soil-water contents within 5% of actual for soil-water contents 

ranging between approximately 1% and 20%. More deviation was observed beuveen 

estimated and actual at soil-water contents greater than about 15%; however, differences 
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were still less than 5%. No differences in performance between methylene chloride and 

chloroform were observed. 

Nelson et al. conducted studies in a large weighing lysimeter (4.0 m, 2.5 m i.d.) 

using bromochlorodifluoromethane (BCF) and dibromodifluoromethane (BFM) and in a 

laboratory column using BFM. Both systems used were uniformly packed with the same 

Vinton fine sand. In the laboratory, the tracer technique appropriately detected an 

increase in soil-water content when the soil was wetted from 6.3% in the first experiment 

to 9.0% volumetric soil-water content in the second. Using BFM. the estimated soil-

water contents were 5.4% and 6.3% for the first and second experiments, respectively. 

Thus, the tracer efficiencies (E) were 86% and 70% for the two experiments. This 

decrease in tracer performance at the higher soil-water content is consistent with 

theoretical limitations to the method, as discussed above. In the lysimeter. tracer tests 

were performed at a soil-water content of approximately 6.4%. BCF data yielded a 

measured soil-water content of 3.5% (E=54%), while BFM performed better, yielding a 

soil-water content of 5.8% (E=90%). The BFM performance was similar in the 

laboratory (E=85%) and lysimeter systems (E=90%) at similar soil-water contents. The 

difference in the efficiencies of BFM and BCF in the lysimeter system are probably due 

to the reduced of sensitivity of BCF to changes in soil-water content, due to a higher 

Henry's coefficient. In addition to the reduced sensitivity to changes in soil-water 

content, there is significant uncertainty in very small retardation factor observed for BCF 

(e.g.. R<1.1). 
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Carlson et al. (2001) evaluated the use of another compound, 

trichlorofluoromethane (CFM), as a water-partitioning tracer in the same lysimeter 

system described above. Experiments were conducted at two tracer flowrates at each of 

two soil-water contents. The use of different flowrates allowed preliminary evaluation of 

rate-limitations on the diffiasion of CFM through the aqueous films and water-filled 

pores. CFM was able to detect the dramatic increase in soil-water contents. Averaged 

across flowTates, CFM measured soil-water contents of 5.5% and 11.5% compared to 

actual soil-water contents of 6% and 15%. Thus average efficiencies at the lower and 

higher soil-water content were 92% and 77%, respectively. As discussed above, the drop 

in efficiency at higher soil-water contents is reasonable, due to greater potential for 

nonequilibrium conditions. The efficiencies were observed to be slightly flowxate-

dependent. with the slower flow yielding slightly greater efficiencies, as expected. 

Efficiencies of 100% (low flowrate) versus 83% (high) and 80% (low) versus 73% (high) 

were measured for the low and high soil-water contents, respectively. Table 3-2 

summarizes the water-partitioning tracer experiments conducted to date. 
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Table 3-2. Summary of Previous Water-Partitioning Tracer Tests 

Study T racer 6\v E 
(%) (%) 

(Brusseau et al., 1997) carbon dioxide 16 87.5 

(Simon et al.. 1998) bromochlorodifluoromethane NR NR 

(Kim et al., 1999b) chloroform; 1-20 >95 

methylene chloride 
(Mariner et al., 1999) difluoromediane NR NR 
(Nelson et al., 1999a) dibromodifluoromethane; -6%, 9% 54-90 

bromochlorodifluoromethane 

(Deeds et al.. 1999b) difluoromethane NR NR 

(Carlson. 2001) trichlorofluoromethane 6%. 15% 77-92 
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4. EXPERIMENTAL OVERVIEW 

Approach and Summary of Experiments Conducted 

A system was developed to conduct gas-phase miscible displacement experiments 

in laboratory' columns. Due to its scale, the laboratory column system is well-suited for 

conducting multiple series of experiments with incremental changes in experimental 

conditions (e.g.. soil-water content). Experiments were conducted using five gas-phase 

or gaseous solutes at a total of 11 soil-water contents. The experiments were intended to 

examine processes controlling gas-phase advective-dispersive transport in unsaturated 

soils, as well as to evaluate the use of gas-phase tracers in characterizing unsaturated soil 

systems. Laboratory batch studies were also performed to measure various physical and 

chemical constants, such as particle density and Henry's Law constants. Independent 

measurements of certain soil properties were provided by collaborators and external 

laboratories. 

Porous Media Examined 

Experiments were conducted using a natural porous medium, Vinton fine sand 

(sandy, mixed, thermic, Typic Torrifluvent). The external multi-point nitrogen BET 

specific surface area and average pore size measured during adsorption and desorption 

modes (Micromeritics Instrument Corporation. Norcross, GA) are reported with 

additional physical properties in Table 4-1. Average particle density was measured using 

a water pycnometer method (Blake and Hartge, 1986). Table 4-2 shows the measured 

data and resultant density values. Duplicate water characteristic ciu^'es were measured 



Table 4-1. Physical Properties of Porous Media Used. 

Texture* % Sand 97 
% Silt 1.8 
% Clay 1.2 

Organic Carbon Content (wt/wt%) ̂  0.01 

Particle Density (g cm'^) 2.69 

Average Pore Diameter (A) 128/167 
(adsorption / desorption)'' 

Specific Surface Area (m' g ')'' 3.54 

' Soil. Water, and Plant Analysis Laboratory, Tucson AZ 
.Vlicromeritics Instrument Corporation. Norcross. GA 
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Table 4-2. Vinton Particle Density Data. 

Particle Density = 2.69±0.03 g em"' | 

1 2 3 4 5 

Vial Mass (g) 32.4981 33.8678 32.0846 33.4478 32.6625 

Vial + Air-dry Porous Medium (PM) Mass (g) 41.4143 42.0353 41.1344 41.6054 43.2016 

Mass Corrected for Oven-dry PM (g) 41.3773 42.0013 41.1344 41.6054 43.2016 

Water Temperature ("C) 32.5 32.5 29.5 29.5 28.5 

Vial + PM + Water Mass (g) 64.9685 67.9613 69.4017 67.0087 66.7316 

Vial + Water Mass (g) 59.3769 62.8491 63.7575 61.8276 60.1423 

Water Temperature ("C) 31.5 31.5 31.0 29.0 28.5 

Water Density ® Ave. Temperature (g em ') 0.996 0.996 0.996 0.996 0.996 

Particle Density (g em ') 2.7008 2.6920 2.6573 2.7407 2.6683 
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using a hanging water column apparatus for lower matric potentials and a pressure 

chamber for higher potentials. Measured curves were fitted using the van Genuchten 

equation and are shown in Figure 4-1. 

Model Contaminant and Gaseous Tracers Used 

Physicochemical properties of compounds employed in the course of this research 

are summarized in Table 4-3. Details regarding any individual experiment, such as actual 

concentrations used, are given in the respective chapter. If properties contained in this 

table were measured or estimated rather than taken from the literature, the measurement 

and estimation methods are described in Chapter 5. 

Materials and Methods 

Laboratory System Overview 

Laboratory experiments described in Chapters 6-9 employ a common 

experimental system and similar procedures. These commonalities are described here. A 

detailed diagram of the laboratory system is shown in Figure 4-2. The tracer gases were 

each custom mi.xed in a balance of nitrogen to the desired input concentration and 

introduced into the system via high-pressure gas cylinders (Air Products. Long Beach. 

CA; Spectra Gases, Branchburg, NJ; or Air Liquide, Houston, TX). All gases passed 

through a 500-mL or 250-niL gas washing bottle (Pyrex. Ace Glass. Vineland. NJ) for 

humidification 
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Van Genuchten Fit 

alpha=0.0426 
m=0.0586 

2.0 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

Volumetric Water Content 

Figure 4-1. Measured and Fitted Water Characteristic Curves. 



Table 4-3. Physicochemical Properties of Compounds Used 
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Methane TCE DFM Heptane Decane 
CAS# 74-82-8 79-01-06 75-10-5 142-82-5 124-18-5 
MW (g-mol"') 16.0 131.4 52.0 100.2 142.3 
C^'^'(mg-L-') 24 a 1198 a 4 355 d 3.1 a 0.04 a 

Po (atm) 275 a 0.098 a 16.6 e 0.062 a 0.002 a 
KD"'(mL-g') na 0.014 b na l . l j  36.9 f 
KH (-) 27 a 0.367 b 0.505 b 82 a 264 a 
K.,,x (cm X 10"') na 2.64 c na 2.33 c 22.4 c 
logKow (-) 1.09 a 2.42 a na 4.66 a 5.67 g 
D, (cm--s'') 0.205 a 0.082 a 0. l l2a 0.069 a 0.058 a 

values given at 25°C. unless otherwise stated 
NA=not available 
' (Schwarzenbach et al.. 1993) 
'' measured (see Chapter 5) 
^(Hoffetal.. 1993b) 
" (Deeds et al.. 1999a) 
^ ( Daubert and Danner. 1989) 
' estimated (see Chapter 5) 
M Lyman. 1990b) 
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prior to contacting the wetted soil. Humidification was necessary to prevent drying of the 

soil. Separate humidification bottles were used for the carrier gas (ultra-high purity 

nitrogen) and the tracers (reactive and conservative) to avoid background contamination. 

The temperature and relative humidity of the gases were measured by passing them 

through a column bypass line containing a custom-made humidity chamber and inserting 

a thermohygrometer probe (Dwyer Instruments, Inc.. Michigan City. IN). The column 

bypass line also allowed for various system variables (e.g., flowxate. CQ voltage) to be 

measured or set without pre-contamination of the soil. 

A 10.5-cm (7.06-cm i.d.) stainless steel column (MODcol. St. Louis. MO) was 

used with dispersion plates (nominal 20-um pore size) fitted at both ends to allow an even 

distribution of vapor across the column cross-section. Bed-support frits (2-4-um pores) 

were also inserted between the soil and the diffusion plates to prohibit soil grains from 

clogging the dispersion plates and to minimize column dead-volume. Stainless steel 

three-way valves (Whitey, Arizona Valve and Fittings Co.. Phoenix. AZ) were used to 

switch between the tracer and the carrier gas. All system components through which 

gases flowed were connected with 1/8" stainless steel tubing and 1/8" stainless steel 

Swagelok fittings (Arizona Valve and Fittings Co., Phoenix. AZ). High-resolution 

metering valves (Cole Parmer. Vernon Hills, IL), gage- and differential pressure gauges 

(Dwyer Instruments, Inc., Michigan City, IN) and third-stage high precision pressure 

regulators (Model 44-4660S24, Tescom, Elk Iliver, MN or Model 8310. Porter 

Instrument Company, Inc., Hatfield, PA) were used to control fiowrates and monitor 
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pressures in the system. Pre-colunin flowrates were measured using an online gas 

tlovvmeter (Sho-Rate, Emerson Electric Co., Hatfield, PA). A 25-mL bubble flowmeter 

(Kimble-Kontes, Vineland, NJ), or digital flowmeter (ADM2000, J&W Scientific. 

Folsom. CA) was inserted at the detector outlet to measure flowrates. 

The column effluent stream passed directly to an online flame ionization detector 

(FID) (Varian 3700 or 3400. Varian Associates, Inc., Walnut Creek. CA) for analysis. 

The column effluent was split and only 20 mL-min ' was directed to the FID. The stream 

was split to maintain the flame in the detector, as well as to remain within the linear 

detection range. The FID signal was routed to a digital voltmeter (Micronta, Fort Worth. 

TX) that was interfaced to a personal computer using Wedge software (T.A.L. 

Enterprises. Philadelphia, PA). This configuration allowed concentration (voltage) versus 

time data to be collected real-time at any specified time interval, typically between twenty 

seconds and one minute. 

Laboratory-Column Experimental Methods 

Soil yVetting and Packing 

The porous medium was heated overnight at 105° to dry the soil and remove any 

volatile contamination. The media was allowed to cool under vacuum in a dessicator. 

The media was then mixed with the desired amount of water and packed wet into the 

column. The soil was tamped in the column at small increments, typically I-cm. to 

minimize the formation of particle-size layering in the column. Aliquots of the wet soil 

were collected pre- and post-packing to gravimetrically determine pre-experiment soil-
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water contents. After the experiment, the column was unpacked and a small (<20 g) 

aliquot was taken from near the column inlet, three points along the axis of flow, and near 

the column outlet for gravimetric soil-water content measurement. In addition, the 

remainder of the column porous medium was used to measure a composite column-

averaged soil-water content. The column average was consistently close to the soil-water 

content measured pre-experiment. This indicates there was minimal loss of water during 

the experiments. 

System Preparation and Pre-Measurements 

The experimental system, including all tubing, valves, and connectors, was 

initially flushed for several minutes with methanol to remove any residual machine oil or 

other organic contamination. Sections of the system were flushed with water for up to 25 

minutes. The water-filled sections were then weighed, emptied, oven-dried, and weighed 

again to determine the dead-volume contained in various portions of the system. The 

total system dead volume measured in this manner was 4.5 cml Thus, the total dead 

volume was approximately 6% of the column total air-filled porosity, depending on the 

soil-water content of a given experiment. The ratio of dead volume to air-filled pore 

volume would ideally be kept <10%, 

In order to achieve a constant-concentration tracer input pulse, the water in the 

tracer humidification bottle had to be saturated with the compound of interest prior to 

introduction of the gas to the column. Saturation was achieved by passing the gas 
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through the humidification bottle and the column bypass line until a steady FID signal 

was observed. 

Sorption of solute vapors to the column system apparatus had to be considered 

and corrected for in the data analysis. Sorption to the system materials was distinguished 

from sorption to the porous media system by conducting similar experiments, but without 

any porous media packed in the column. Thus, the solutes were passed through an empty 

column while their breakthrough was monitored, as described above. The magnitude of 

retention observed for the system without porous media was then subtracted from the 

total retention observed in systems with porous media. The same empty-column 

experiment was also conducted in an entirely dry system (e.g., without humidification of 

the gases), to determine whether any observed sorption to the system was associated with 

the stainless steel itself, or rather was mediated or enhanced by water films condensed on 

the system walls. 

FID Calibration 

Air and hydrogen were supplied to the FID at 300- and 30 mL-min '. respectively, 

and the detector was heated to 300°C. The chromatograph oven and soil column were at 

ambient temperature. Calibration was performed in a manner most closely approximating 

the continuous compound introduction, finite concentration conditions of the 

experiments. The FID is sensitive to concentrations expressed as mass per unit time and 

is relatively insensitive to the actual analytical flowrate. (note: The analytical flowrate of 

approximately 20 mL-min"' comprises only 6% of the total detector flow). Therefore, 
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several flowrates of the same (input) concentration were directed through the column 

bypass to the detector. The FID voltage response was plotted against flowrate for all the 

compounds studied. The lowest calibration point is not necessarily the minimum linear 

detection limit of the FID, but rather represents the slowest reproducible flowrate 

achievable in this system. The maximum flowrate directed to the FID during miscible 

displacement experiments was chosen as 20 mL-min', because this flowrate was 

conservatively within the linear range for all compounds studied. 

Miscible Displacement Experiments 

The nitrogen carrier gas was flushed through the system until a steady FID 

baseline was achieved prior to each tracer experiment. The carrier flowrate was matched 

to the tracer gas flowrate. Multi-tracer experiments could not be conducted due to the use 

of flow-through detection without analytical separation. Therefore, tracer experiments 

were conducted sequentially, using identical experimental conditions. Experiments were 

conducted at least in duplicate, and often in triplicate. When the column was not in use, 

it was sealed to minimize drying of the system. 

The tracer pulse was introduced to the system by switching between the tracer and 

carrier gas line using a 3-way directional switching valve. The input pulse was continued 

until a relative concentration of one was achieved. Relative concentration is defined as 

the ratio of actual concentration, C, to input concentration, Cq. Upon switching back to 

the tracer-free (nitrogen) gas line, a significant pressure surge was created due to 

backpressure in the system. Use of a high-precision third-stage regulator minimized this 
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surge, but it could not be completely eliminated. The surge is manifested in the 

breakthrough curves as a temporary increase in solute concentration above C/Co=l. 

Experiments were conducted at a nominal column flowrate of 50 cm^ min ', with 

20 cm' min ' directed to the FID and the remainder vented prior to the detector via the 

split vent line. The chosen flowrate falls within the wide range of velocities reported as 

typical for soil vapor extraction remediation systems. Total column flowrate was 

measured as the sum of flow at the FID outlet and the split vent. Actual column 

volumetric flowrates were slightly smaller due to gas expansion associated with the post-

column pressure drop. Gas expansion, and consequent concentration gradient effects, 

along the length of the column was not considered to be important, given that the induced 

pressure gradient along the column was approximately 3%. This is well below the 20% 

gradient commonly considered as the cutoff for considering gas compressibility in flow 

equations (Alzaydi et al.. 1978; Wilson et al., 1988; Massmann. 1989; Johnson et al.. 

1990). 

Experiments were conducted at an inlet pressure of 3 psi (-210 cm of water). An 

important parameter to consider at such pressures is proper humidification of the gases. 

It was important to keep the pressure within the column approximately the same as in the 

humidification bottles in order to minimize changes in relative humidity. For example, if 

the gas were humidified under high pressure and then passed through the column at low 

pressure, the gas under decreased pressure would be initially depleted in water and would 

proceed to take up water from the soil system. Thus, in order to keep soil-water content 
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relatively constant over time, the primary pressure drop (to fine-tune flow settings) was 

taken post-column, ensuring the humidification and column pressures were as similar as 

possible. 

Comparative Moments Analysis of Breakthroueh Curves 

Solute breakthrough curves fi-om both the laboratory and lysimeter systems are 

plotted as relative concentration (C/Cq) (e.g., solute concentration normalized by the input 

concentration) versus eluted pore volume. A single pore volume represents the gas-filled 

volume contained in the soil column. Pore volumes also serve as a dimensionless 

measure of elapsed experimental time that allows comparison of data from systems of 

vary ing size. Breakthrough curves can be analyzed in a comparative- or absolute manner. 

The comparative manner of analysis uses a nonreactive tracer as a reference to which to 

compare the retention of reactive compounds in the same system. Comparative moments 

analysis is useful either when the exact pore- and dead volumes of the system are not 

known, or when pressure gradients and gas-expansion complicates the relationship 

between average linear gas velocity, time, and volumetric flux. 

For a nonreactive tracer, the travel time through the soil system corresponds to the 

first temporal moment, pulse-width corrected, and is calculated as: 

ir 

ir 

''cj/i +02^2 

T = ^—=—^-0.5P (4-1) 
+^2 
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where c is the relative concentration (C/Q) [-]; t is cumulative pore volume [min]; and P 

is the solute input pulse width given in time [min]; and subscripts I and 2 refer to two 

consecutive time-points. The retardation factor is defined as the ratio of the travel time of 

a given compound and the travel time of a nonreactive tracer. Thus, by definition, the 

retardation factor of a nonreactive tracer is one. 

The zeroth moment (Mq) obtained from moments analysis represents the area 

under the breakthrough curve or the mass in the system. Comparison of the zeroth 

moment to the known input pulse provides a check on the mass recovery- for the 

experiment. The first moment is calculated as: 

f^ ^ 

V 2 
(5-2) 

Percent recovery is calculated by the following: 

Recovery = * 100 
P (5-3) 

Mass recoveries significantly different from 100% can indicate leaks in the system. 

irreversible sorption, degradation or transformation of the solute, lack of control over 

flowTates. or analytical problems associated with sample analysis. None of diese factors 

is expected in this experimental system; therefore, recoveries very close to 100% are 

expected. 



130 

5. MEASUREMENT AND ESTIMATION OF 
PHYSICOCHEMICAL CONSTANTS 

Henry's Law Constants 

Materials and Methods 

Henry's Law constants (Kh) were measured for trichloroethene (TCE) and 

difluoromethane (DFM). Accurate Kh values for TCE and DFM were considered critical, 

because water-dissolution serves as a primary retention process for these compounds in 

soil systems. Henry's constants for other compounds were taken from the literature, 

since their accuracy was less critical and because the measurement method employed 

does not allow measurement of their high Kj, values. The extreme volatility of methane 

and the relative insolubility of heptane and decane in water cause the K;., values to be too 

high for the current method to quantify. This is discussed further below. The high K^, 

values for these compounds prohibit significant dissolution into the aqueous phase. 

Therefore, water-dissolution contributes negligibly to the observed retention of these 

compounds in the soil system, and the uncertainty introduced by taking literature 

values is deemed minimal. 

Sample Preparation 

There are many reported methods for measuring Henry's Law constants (Mackay 

et al.. 1979; Hussam and Carr. 1985; Gosset, 1987; Jones et al., 1988; Kolb et al.. 1992; 

Ettre et al.. 1993; Turner et al., 1996; Hovorka and Dohnal, 1997; Heron et al.. 1998; 

Altschuh et al.. 1999). Many of these methods require specialized equipment. The 
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method chosen here has been reported successful and was most suitable to our existing 

laboratory' capabilities. The method is a static headspace method adapted from FColb et al. 

(1992). It is not specifically known in what ways the method employed here differs from 

the published method, as several aspects of the procedure were not reported in the 

literature (e.g.. means of sample preparation, sample equilibration time). For this reason, 

validation of the method as implemented here was considered essential. Validation 

procedures are discussed in detail below. 

A given amount of neat TCE liquid or DFM vapor were introduced into sealed 

vials containing a constant volume of water. After equilibration of the compound with 

the water phase, the concentration of TCE/DFM in the headspace was quantified. A mass 

balance calculation allows determination of the aqueous-phase concentrations at 

equilibrium. The initial and equilibrium concentration of the compound in the headspace 

must differ by at least 10% for accurate quantification. Therefore, high Henry's 

coefficients will be difficult to measure, due to the very small mass partitioned into the 

aqueous phase, as discussed above. 

Once equilibrium concentrations are known, the dimensionless K„ is taken as the 

slope of a plot of headspace- versus aqueous-phase concentrations. Because the 

instrumentation used in equilibrating samples could not consistently maintain near-

ambient temperatures, was measured at temperatures of 35°, 45°, and 55°C. Although 

these temperatures are higher than typical soil column or lysimeter soil temperatures. 
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is discussed in the Data Analysis section below. 

Standard glass headspace autosampler analysis vials with open-top aluminum 

crimp-seals and PTFE/rubber septa (Fisher Scientific. Tustin. CA) were used. Ten 

milliliters of deionized, organic-free water was pipetted into the vials and then sealed. 

The desired volume of neat TCE was introduced through the vial septum using a high-

precision syringe (Model 7105, Hamilton Company. Reno, NV), while the DFM vapor 

was introduced using a gas-tight syringe with mininert valve (Dynatech Gas-Tight. 

Supelco. Bellefonte. PA). Samples were allowed to equilibrate overnight in a 

temperature-controlled shaker (Lab-Line Orbit Environ-Shaker, Lab-Line Instruments. 

Inc.. Melrose Park, IL). Temperatures in the shaker were maintained at the desired 

temperature (±rC). The samples were then placed in the headspace autosampler 

(Tekmar 7000. Tekmar-Dohrmann, Cincinnati, OH) where they were equilibrated at the 

desired temperature (±0.5°C) for an additional five hours. The sample equilibration time 

was chosen by monitoring the headspace concentration of replicates over time. Initially, 

a decreasing trend in headspace concentration was observed. When the trend in 

headspace concentrations leveled-off, equilibrium conditions were assumed. To be 

conservative, the actual time allowed for the samples to approach equilibrium was 

approximately twice the minimum time indicated. 

The headspace autosampler allowed automated injection of the headspace into the 

gas chromatograph (Shimadzu 14A, Kyoto, Japan), where subsequent retention (TCE: 
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SPB624. 30 m X 0.53 nun i.d., 3iim film; DFM: 1% SPIOOO 60/80 Carbopak. Supelco, 

Bellefonte. PA) and quantification was performed using flame ionization detection (FID) 

and external calibration. Headspace autosampler and gas chromatograph operating 

conditions are provided in Tables 5-1 and 5-2. Chromatogram analysis and integration 

was performed using standard chromatographic software (Class-VP 4.2. Shimadzu 

Scientific Instruments. Inc.. Columbia. MD). 

Gas Chromatograph Calibration 

Gas standards were prepared in a manner similar to the preparation for the tCj, 

samples; however no water was introduced into the vials. A known volume of neat TCE 

liquid or DFM vapor was introduced into a sealed headspace vial in the same manner as 

described above. The standards were equilibrated in the headspace unit for the same time 

and temperature as the samples. All operating conditions were identical to those 

described above. Gas standards were prepared to bracket concentrations used in the 

samples. 

Data Analysis and Method Validation 

Area counts were converted to headspace concentrations (Cg) using the linear 

regression equation obtained using a least squares analysis of the measured calibration 

plot. Since die total TCE/DFM mass (M-r) in the system is known, as are the volumes of 

headspace (V^) and water (VJ, the aqueous concentrations (C^) are obtained via the 

following mass balance: 



Table 5-1. Headspace Autosampler Operating Conditions for Kh Measurements. 

Setpoint 
Platen Temperature (°C) 
Sample Loop Temperature (°C) 
Transfer Line Temperature (°C) 
Sample Equilibration in Platen (min) 

35,45, 55 
110 
no 
300 
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Table 5-2. Gas Chromatograph Operating Conditions for Measurements 

Condition Setpoint 
Helium Carrier Flowrate (ml min"') 
Detector Hydrogen Flowrate (ml min ') 
Detector Air Flowrate (ml min"') 
Detector Temperature (°C) 

TCE/DFM: 10/40 
30 
300 
300 

Column Temperature Program TCE: 35°C (2 min) 
35°C-)- 110°C at 25°C min ' 

DFM: 30°C (1 min) 
SO^C-). 70°C at 25°C min-' 
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M r - C g V ^  

V (5-1)  

Cg is plotted against C^, the slope of which is defined as the dimensionless K.^,. 

The Kh measurement method can be evaluated by comparison of experimental 

Henr\ "s constants to literature values, if available, as well as by verifying the linear 

relationship between ln(K„) and inverse temperature. Over small temperature ranges, a 

linear relationship is expected, as derived from the van HofTt equation (Schwarzenbach 

etal.. 1993); 

InA.-^ =-^ ̂  Henrv ^ 

R 

1 
— + constant 
T 

(>2) 

where, here K^, is given in units of [J-(mol-K)''] and is the heat of air-water 

partitioning, expressed as: 

Henry ~^^vap 

where AH^^p is the heat of vaporization and AH^ is the excess heat of solution. 

Therefore. can be compared to literature values, if available, to assess the success 

of the measurement method. Since TCE is a common contaminant, its air-water 

partitioning properties have been well studied and amply reported in the literature. 

Therefore. TCE served to validate the chosen measurement method. Finally, since the 

heat of air-water partitioning can be assumed to be linear over small temperature ranges. 

Kh values for the actual experimental temperature (~25°C) can be calculated using 

Equation 5-2. 
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Results and Discussion 

Gas Chromatograph Calibration 

Linear calibration plots were obtained in the concentration region used in the K^, 

studies. Figures 5-1 and 5-2 show typical calibration plots obtained for TCE and DFM, 

respectively, at each of the experimental temperatures. Correlation coefficients were 

consistently above 0.98 and usually 0.99, indicating a linear response. Slight nonlinearity 

in the FID response might be expected at the high gas-phase concentrations. C„, (i.e., 10' 

mg-L"' levels) used here. 

Trichloroethene (TCE) 

Literature values are easily obtained for many TCE properties and thermodynamic 

properties; therefore, the TCE K^, was measured first, in order to validate the chosen 

measurement method. The minimum equilibration time required for TCE was 

determined to be approximately 800 minutes, as shown in Figure 5-3. To ensure 

equilibrium, the samples were shaken ovemight. The measured headspace TCE 

concentrations were plotted against the calculated aqueous TCE concentrations (Equation 

5-1) for all temperatiu-es, yielding as the slope. Figure 5-4 shows the data and least-

squares regression. Dimensionless values for 35°C, 45°C, and 55°C, were 0.57. 0.86, 

and 1.29. respectively. 

Literature values were not readily obtained for comparison at these temperatures. 

Therefore, it was necessary to use odier means of assessing the validity of the 

measurement method. As discussed above, the first check was to examine the linearity of 
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Figure 5-1. Typical TCE FID Calibration Plots at 35. 45. and 55°C for K^, Studies. 
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the plot of In(KH) and l/T (Equation 5-2). Figure 5-5 shows that excellent linearity was 

observed (r^=0.999). Extrapolation allows determination of the K„ value at 25°C, the 

temperature at which most experiments were conducted. The reported dimensionless 

value for Kn(25°C) is 0.367. A second validation was performed by comparing literature 

TCE Kj, data over a large temperature range and measvirement methods. Turner et al. 

(1996) provide an e.xtensive list of TCE Kj, values in table format, allowing individual 

data points to be re-plotted, while Heron et al. (1998) report a composite regression 

equation (nonlinear) for all sources cited in their review. Figure 5-6 shows these 

literature data plotted together with the experimental values measured here. Although the 

two reviews have several sources in common, there are evident differences between the 

data reported. The experimental data reported here are in close agreement with the Heron 

et al. regression, providing additional confidence in the measurement method. 

Difluorontethane (DFM) 

To the author's knowledge, there is only one reported experimental determination 

of the DFM Henry's constant. Therefore, it was deemed important to measure this value 

using the same method that had been successful for TCE. Figure 5-7 shows the K„ 

results for DFM at 35, 45, and 55°. The Kh values measured were 0.616, 0.856. and 

0.937 for 35. 45. and 55°, respectively. There is more scatter in the DFM data, as 

compared to the TCE and may be due to the order of magnitude higher sensitivity 

detector sening required for analysis of DFM. Uncertainty may have also been 

introduced by use of a gas-tight 
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Figure 5-5. Observed Trend in TCE Kj, as a Function of Temperature. 
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Dependence. 
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Figure 5-7. Air-Water Partitioning for DFM at 35°. 45°. and 55°C. 
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syringe in preparation of the DFM samples and standards. Gas-tight syringes contain 

teflon, a plastic known to sorb organics. This source of error was minimized by 

conditioning the teflon by flushing the syringe several times with the stock DFM 

solution. Despite the increased uncertainty compared to the TCE measurement. DFM 

correlation coefficients were greater than 0.92. The DFM results are shown as a function 

of temperature in Figure 5-8 (Equation 5-2). The linearity of the natural log of versus 

inverse temperature is shown to 0.933. The Kh value at 25° extrapolated from Figure 5-8 

is 0.505. This is in general agreement with the literature value reported by Deeds et al. 

(1999a) of 0.588. 

Measured Saturated-Phase Sorption Coefficient (Kp"') 

The saturated-phase sorption coefficient. Kp"'. was measured for TCE using 

standard (saturated) aqueous-phase miscible displacement column experiments. K.^"" was 

estimated as zero for mediane and difluoromethane. because sorption for these 

compounds was considered as negligible. For sorption to be significant, the compounds 

must compete with the strong attraction between the polar solvaiing water molecules and 

the negatively charged mineral surface. This requires that the solute exhibit either polar 

character or significant van der Waals interactions with the surface. The nonpolar nature 

of methane, coupled with the relatively small molecular structure make competition with 

the water molecules unlikely. Additional support for the assumption of Kd'^=0 is found 

in the literature where methane has often been used as nonreactive (i.e.. nonsorbing) 

tracer. 
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Materials and Methods 

A stainless steel column (Alltech Optiflow, Alltech Associates. Inc.. Deerfield. 

IL) (2.1-cm i.d. x 17.7-cm length) was packed with air-dry Vinton sand. The soil was 

held in the column by a 2-|j.m porosity bed support frit. A disperser frit was also inserted 

in the column endcap to create a more uniform fluid distribution across the column cross-

section. The column was saturated with 0.0IN CaCU solution to mimic the ionic strength 

of natural groundwater. The electrolyte solution was introduced to the column from a 

solution reservoir using high-pressure liquid pump (Shimadzu Scientific. Inc.. Kyoto. 

Japan or .Acuflow Series II. SSI, State College, PA) at flowrates varying between 0.1 and 

1.0 mL-min '. Saturation of the porous media was assumed after the column mass 

remained stable for two days, indicating no additional water uptake. All connections in 

the system were made with stainless steel 7,^" tubing and Swagelok compression fittings 

(Arizona Valve and Fitting, Phoenix. AZ). 

Experiments were conducted at a nominal flowrate of 0.5 mL-min'. 

Pentafluorobenzoic acid (PFBA) was used as a nonreactive tracer to probe the 

hydrodynamic properties of the porous medium packing. A 200 mg-L"' PFBA input pulse 

was introduced to the column using the same pumps as used for the electrolyte solution. 

The TCE experiment was conducted separately. Due to the volatility of TCE. the 

increasing headspace in the solution reservoir would decrease the input concentration as 

the experiment proceeded. Therefore, the 10-mg-L"' TCE solution was introduced to the 

column using a syringe pump (Model 500D Syringe Pump, Isco, Inc.. Lincoln. NE). This 
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entirely eliminated headspace from the reservoir and allowed a stable input TCE 

concentration. Both PFBA and TCE were introduced to the column as a pulse of 

approximately five to six pore volumes. A pore volume is defined as the volume of gas-

filled pore-space contained in the soil column minus dead volume. The electrolyte 

solution served to elute the compounds from the column. 

An all-glass 5-mL syringe (Popper & Sons, Inc.. New Hyde Park. NY) was 

attached to the column outlet via a luer lock fitting. Flowrate was measured by noting the 

time to fill the syringe. Samples were transferred from the syringe into a vial appropriate 

for the sample analysis method. PFBA samples were transferred to a 5-mL glass test-

tube for ultraviolet-visible spectrophotometric analysis {UV-1601. Shimadzu. Kyoto. 

Japan) at 262 nm. PFBA calibration standards ranged from I- to 200 mg-L ' and were 

prepared using the electrolyte solution as the matrix. TCE samples were transferred to 

septum-sealed 22-mL glass headspace vials. The sealed headspace vials were partially 

evacuated by piercing the septum and withdrawing 5 mL of air using a gas-tight syringe. 

This allowed the 5-mL liquid sample to be injected without causing a significant increase 

in vial pressure. Pre-experiment trials showed that if vials were not partially evacuated in 

this manner, just as the needle was removed from the septum after sample transfer, a 

significant volume of vial headspace escaped, causing measured loss of the volatile 

solute. The headspace vials were loaded onto a headspace autosampler (Model 7000. 

Tekmar Company, Cincinnati, OH) for gas chromatographic analysis (GC-14A. 
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Shimadzu Scientific, Inc., Kyoto, Japan) using flame ionization detection. Again, 

external standards were prepared using the electrolyte solution as the matrix. 

Data Analysis 

Column effluent concentrations were measured at approximately 10-minute 

inter\'als throughout the experiment. Solute breakthrough curves were plotted as relative 

concentration (C/Cq) versus eluted pore volume. Pore volumes were corrected for any 

dead volume (pore-space) contained in column endfittings. Dead volume (DV) was 

measured gravimetrically by comparing water-filled and dry masses as follows; 

V/ — V/ cohtmn+fittings ' column+fittings j, w 
L'v — ~ ^column (^"'^) 

Pw 

where M refers to the mass of either water-filled (wet) or empty (dry) soil column and 

associated endcaps and fittings [g]; is the density of water [g-cm"']; and V is the 

volume solely of the column, as calculated from measured dimensions [cm']. Dead 

volumes varied slightly for the different compounds used, due to differences in 

connections required of the different pumps employed. DV was on the order of 2.0 mL 

or approximately 10% of the pore volume of the system. 

Analysis of the breakthrough curve by the method of moments allows calculation 

of a solute retardation factor (Skopp, 1984: Jin et al.. 1995). A non-comparative 

moments analysis is employed, since complications related to pressure gradients and gas 

expansion are irrelevant in a saturated system. 

The retardation factor is calculated as: 
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qP i  +C2P2^  

R = - 0.5P (5-5) 
yf £Lt£2) 
A 2 J 

where p is cumulative pore volume [-] and other symbols have been defined previously. 

Thus, the retardation factor is a dimensionless quantity, where R=1 corresponds to a 

nonreactive compound. Once the retardation factor is calculated from the breakthrough 

curve, the saturated sorption coefficient can be calculated by solving the following 

retardation equation, defined for a saturated system with mobile water-phase; 

(5-6) 

where 0^ is the volumetric soil-water content [-]; is the bulk density of the porous 

medium [g em ']; and is the solid-phase sorption coefficient for a water-soIvated 

sorbent [cm' g"']. The first term in Equation 5-6 represents the mobile (water) phase, 

while the second term represents retention due sorption to the solid phase (organic and 

mineral phases). Zeroth moment (Mq) calculations were also conducted to obtain mass 

recovery information. 

As stated above. PFBA, a nonreactive tracer, was used to probe the hydrodynamic 

properties of the porous medium packing. The shape of the PFBA breakthrough cur\e 

gives an indication of the ideality of transport in the column. Qualitatively, ideal 

transport is indicated by a sharp arrival front and elution wave and an overall symmetrical 

breakthrough curve. The Peclet number (PJ provides a quantitative measure of the 
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ideality of transport. The Peclet number is a dimensionless quantity indicating the ratio 

of advective to dispersive contributions to transport. Ideally, advective processes should 

dominate, resulting in a high Peclet number. Peclet numbers greater than 100 typically 

indicate ideal transport and are often observed for simple porous media, such as well-

sorted sands. With a natural soil, such as the Vinton sand used here, lower Peclet 

numbers are expected, due to increased dispersion caused by wider particle- and pore-size 

distributions. 

CFITIM, a one-dimensional, steady-state, equilibrium solute transport code, was 

used to fit the experimental breakthrough data and obtain a Peclet number. The Peclet 

number was optimized by minimizing the sums of the squares of the residuals between 

the simulated and measured breakthrough curves. The input pulse-width (P) and the 

retardation factor (R) obtained from the moments analysis were input to the model. The 

Peclet number was obtained for the nonreactive tracer, PFBA, and used to simulate the 

breakthrough curves for the reactive compounds. This is based on the assumption that 

the Peclet number will be solute-independent, because advection dominates diffusion at 

the tlowTates used. Furthermore, any small diffusion contributions to dispersion would 

be quite similar for the compounds used, due to their similar molecular weights. BTC4, 

another one-dimensional, equilibrium transport code, based on the Breimer solution to the 

traditional advection-dispersion equation, was used to produce curves input values for R, 

P. and Pj. 
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Results and Discussion 

Pentafluorobenzoic acid (PFBA) 

Figure 5-9 shows the UV-visible spectrophotometer calibration plot for PFBA. 

indicating the range of concentrations used in the experiments were widiin the linear 

range of detection. The breakthrough curve obtained for PFBA and the BCT4 simulation 

using the Peclet number from the CFITIM model are shown in Figure 5-10. .A recovery 

of 102% and retardation factor of 1.03 were obtained from the moments analysis. .A. 

recovery greater than 100% is probably due to uncertainty inherent to the sample 

analysis. The recovery obtained was considered acceptable. A retardation factor of 1.03 

may indicate a combination of slight retention of PFBA in the column, error in the dead 

volume measurement, and uncertainty in the sample analysis. The fitted P^ was 17.8. 

This is slightly lower than expected, but is still within the range considered as acceptable 

for a natural sand. Close agreement was observed between the model and experimental 

breakthrough curve, indicating the Peclet number fitted by CFITIM was reasonable. 

Trichioroethene (TCE) 

Due to slight nonlinearity over the large concentration range quantified, the 

calibration was divided into three overlapping linear regions. Regions A, B. and C 

represent TCE concentrations of 10-300 |ig-L'', 150-1000 fig-L"', and 1-10 mg-L '. 

respectively. These regions are labeled in the calibration plot for the TCE analysis, 

shown in Figure 5-11. Good linearity was observed, as indicated by r^>0.99. The TCE 

breakthrough curve and BCT4 simulation are shown in Figure 5-12, with the PFBA 
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Figure 5-9. UV-Visible Spectrophotometer Calibration Plot for PFBA at 262 nm. 
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Figure 5-10. Experimental and Simulated PFBA Breakthrough Curve for Saturated 
Vinton-Sand Column. 
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Figure 5-11. Trichloroethene Calibration Plot and Low Concentration Inset for 
Saturated-Phase Sorption Experiments. 
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simulation included for comparison. There is more scatter in the TCE breakthrough 

curve than observed for PFBA, especially near a relative concentration equal to one. but 

is not considered significant. The volatility of TCE may have contributed to the observed 

scatter. As discussed above, the volatile loss of TCE was minimized by the sample 

collection and transfer method, but could not be fully eliminated from occurring. A 

recovery of 101% and retardation factor of 1.08 were obtained from the moments 

analysis. 

The recovery indicates that volatile losses were not significant if present. The 

retardation factor, although greater than that observed for PFBA. is very small. This is 

observed in the breakthrough curve by the near-overlap of the TCE and PFBA data, 

indicating minimal sorption of TCE. This was expected, because the Vinton sand has a 

very low fraction of organic matter (e.g.. 0.01%). and a low fraction of fine particles (e.g.. 

3%). The equilibrium saturated sorption coefficient was calculated from the experimental 

retardation factor to be 0.014 cm^ g ' using Equation 5-6. The experimental data was 

simulated using the Peclet number obtained in the PFBA experiments. 17.8 and results of 

the moment analysis. The simulation shows good agreement with the experimental data. 

Since the simulation is based on one-dimensional, equilibrium, steady-state transport, 

agreement with the data supports the fact that the Kq"' here is considered as an 

equilibrium value. 
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Figure 5-12. Experimental and Simulated TCE Breakthrough Curve for Saturated 
Vinton-Sand Column. 
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Estimated Saturated-Phase Sorption Coefficients (Kn"") 

Saturated-phase sorption coefficients were estimated for heptane and decane, 

since the measurement methods described above are not compatible with the extremely 

high Heruy's coefficients of these compounds. Many correlations are reported between 

sorption coefficients and other properties of the soil material (e.g.. fraction of organic 

matter) and of the chemical contaminant (e.g.. octanol-water partition constant). In 

choosing a estimation method, it is recommended that one be chosen that is specific to 

the class of compounds of interest. For example, it was desirable in this case to find an 

estimation method that was developed specifically for estimating alkane sorption 

coefficients. Unfortunately, none of the available estimation methods have focussed in 

such compounds. An additional drawback to existing correlation methods for estimating 

KQ is that the correlations are primarily for organic carbon or organic matter-referenced 

partitioning constants. However, these correlations have not been well-tested for soils 

with a low organic fraction. This is due to the fact that the magnitude of sorption of 

organic compounds on primarily mineral soils is much lower and makes the measurement 

of Ko values for such soils difficult. Without adequate experimental data to verify the 

correlations, the estimation methods must be used with caution. 

Since no single estimation method was specifically tailored to the soil and the 

sorbates of interest in this research, a total of four correlations were used and their results 

were averaged. The uncertainty in the estimation was then taken as the standard 

deviation of the results. The following correlations between the either organic carbon- or 
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organic matter-referenced partitioning constant (Kqc or Kqm [cm^ g"']) and either 

solubility (S) or octanol-water partitioning constant [-]) were used: 

log KQQ = -0.55 log 5 + 3.64 (5-7) 

where S refers to solubility [mg-L"']. Equation 5-7 was developed using a set of 106 

compounds, including a wide variety of compound classes (Lyman, 1990a). 

log KQC = -0.557 logs + 4.277 (5-8) 

where S is given in unit of jimol-L''. Equation 5-8 was developed on 15 compounds, 

primarily chlorinated hydrocarbons (Lyman, 1990a). 

l o g =  0 . 5 4 4  l o g + 1 . 3 7 7  ( 5 - 9 )  

Equation 5-9 was developed on 45 compounds of a wide variety of chemical classes 

(Lyman. 1990a). 

log = 0.82 log + 0.14 (5-10) 

Equation 5-10 was developed using 34 compounds (Schwarzenbach et al., 1993). 

The Kqc and Kq^ estimates can then be transformed into estimates using the 

following relationships: 

f^D-^ocfoc (5-11) 

where foe refers to the fraction of organic matter in the soil of interest. 0.0001 in this case. 

ATq = 1.724(5-12) 

where it has been assumed that approximately 68% of the organic matter mass is carbon. 
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Table 5-3. Summary of Kq (mL-g"') Estimations for Decane. Heptane, and TCE. 

Equation Decane Heptane TCE 
5-7 2.6 0.23 0.009 
5-8 3.9 0.28 0.012 
5-9 1.5 0.82 0.049 
5-10 bo

 

1.57 0.023 
Average 2.9 0.73 0.023 

Standard Deviation 1.1 0.62 0.018 
% Relative Standard Deviation 39.0 85.8 79.4 
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The results of the various estimation equations are summarized in Table 5-3 for 

heptane, decane, and TCE. Although the has been measured for TCE, it was 

instructive to compare the output of the various regression equations to a known 

measured value. The four regression equations used yielded estimates with up to 86% 

uncertainty. This is within the estimated uncertainty inherent to any one estimation 

method, suggested by Lyman (1990a) as an order of magnitude. The TCE average 

estimation was 0.02 and compares favorably with the measured Kq of 0.014. This lends 

confidence in the suitability of the chosen estimation methods for the given soil and for 

the other sorbates examined, although in no way ensures their accuracy. In the chapters 

using heptane and decane values in data analysis, a brief sensitivity analysis is 

performed, to assess the effect of the uncertainty in K^. 
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6. THE INFLUENCE OF ADVECTION AND DISPERSION PROCESSES 
ON GAS-PHASE TRANSPORT IN UNSATURATED SOIL 

Gas-phase miscible displacement experiments were conducted in a laboratory soil 

column to investigate the advective-dispersive transport of gases in unsaturated soils over 

a range of soil-water contents (Research Objective 1). Methane was used as a 

nonreactive tracer gas. Difluoromethane and trichloroethene (TCE) were used as 

reversibly-retained reactive tracers to examine the influence of solute-system interactions 

on dispersion processes. Difluoromethane is a water-partitioning tracer, while TCE 

interacts with both solid and aqueous phases of the system. Comparison of the transport 

behavior of the gases through the soil system can be used to derive information regarding 

the sources of dispersion in the system at various moisture contents. 

Data Analysis and Modeling 

The method of comparative moments was used to analyze the gas-phase 

experimental breakthrough curves (Skopp, 1984; Jin et al.. 1995), as described in Chapter 

4. Experimental breakthrough curves were modeled using CFITIM. an equilibrium, one-

dimensional solute transport model and was described in Chapter 5. Input parameters for 

the model include the experimental breakthrough curve data (relative concentration 

versus pore volume), the size of the input pulse (in pore volume) and the retardation 

factor. These latter two parameters are obtained independently using the method of 

comparative moments, described above. The output of the model, used in this manner, is 

an optimized Peclet number. The Peclet number (?) is a dimensionless value 
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representing the ratio of advective to dispersive processes experienced by a solute. 

Therefore, the Peclet number is a function of the flowrate, the diffiasion coefficient of the 

solute, and the physical properties of the soil system. The Peclet number can be related 

directly to the dispersion coefficient (D) by the following equation: 

D = — 
P  ( 6 - 1 )  

where v is the average linear velocity of the carrier gas [cm-s"'] and L is column length 

[cm]. The dispersion coefficient can be further defined as; 

D  =  D f j Z  +  c c v  (6-2) 

where D, is the diffusion coefficient in air [cm s"']; x is the tortuosity factor defined 

between zero and one and inversely proportional to tortuosity of the gas pathways in the 

porous media [-]; a is the dispersivity [cm]. Equation 6-2 can be rewritten as: 

^ = ^diff + (6-3) 

where the subscripts diff and mm refer to diffiision and mechanical mi.xing processes, 

respectively. 

Dispersivity is considered to be a property of the physical system, representing the 

dispersion caused by mechanical mixing (pore-scale velocity variations). Therefore. 

should remain constant for all solutes at a given velocity in the same porous medium 

system, while dispersivity should remain constant for all solutes regardless of velocity. 

For this reason the value for methane should be equal to the DFM value under the 

same experimental conditions. Conversely, 0^;^ will vary according to the diffusion 
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coefficient of the solute in question. For example, it is expected that methane will 

experience more dif^usional dispersion than will DFM, because the diffusion coefficient 

for methane is almost twice as large as for DFM (See Table 4-3). The dispersion 

coefficients for DFM and TCE, the reactive tracers, can either be fit by CFITIM. 

discussed above, or calculated using methane data: 

^reactive ^ ^^reactive^ ̂  ̂ methane^ 

Equation 6-4 may also be written as: 

Dreactive r>reactive , r> Methane ic. c\ 
= ^diff ^ ̂ mm 

In addition to equilibrium processes, the possibility of nonequilibrium effects 

must be considered for DFM and TCE. Solute partitioning between the gas-phase and 

soil-water may cause aqueous-phase diffusion rate-limitations to become significant, if 

the soil-water films are thick enough or if gas advection is fast enough. At high soil-

water contents, additional dispersion may be introduced by the presence of isolated or 

disconnected air-filled porosity. While methane would be entirely excluded from such 

disconnected porosity, DFM or TCE dissolved in the water may diffuse through to such 

isolated air pockets in the soil. Thus, the soil-water may cause observable mass-transfer 

constraints. Increasing DFM and TCE rate-limitations are expected to correlate to 

increased soil-water content. In addition to aqueous solubility, TCE also sorbs slightly to 

the solid mineral phase. Thus, rate-limited sorption must also be considered as a possible 

source of TCE dispersion. 
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The tortuosity factor used in all dispersion equations will depend on air-filled 

porosity in the system, or more directly, on soil-water content. Tortuosity factors have 

been predicted in the literature using a number of empirical and semi-empirical models 

(Penman. 1940; Millington, 1959; Moldrup et al., 1996; Moldrup et al., 1997; Schaefer et 

al.. 1997; Moldrup et al., 1998; Poulsen et al., 1998; Moldrup et al., 2000). The various 

models have been shown to be most accurate for specific soil types, in different soil-

water content regions, and for either packed colimins or undisturbed soil cores. A 

modification of the composite Penman-Millington-Quirk (PMQ) model presented by 

Moldrup et al. (1997) was used here, because this has been shown to most accurately 

predict tortuosity factors in packed soil columns over a range of soil-water contents. The 

modified PMQ equation is written as: 

r = 0.66n 
/a \'^ 
"w 
\ n y 

(6) 

where n is the total porosity of the soil [-]. 

Packed Soil Column Specifications 

Miscible displacement experiments were conducted at eleven soil-water contents 

ranging between ~2% and ~20%. For each soil column at a given soil-water content, 

experiments were typically conducted in duplicate or triplicate for each compound. TCE 

was not used in Experiments 7 and 8; DFM was not used in Experiment 9. Flow was 

held constant for all experiments at 50 mL-min"'. This resulted in slightly different linear 

velocities at different soil-water contents. The measured specifications and flow 
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conditions for each experiment are given in Table 6-1. Figure 6-1 shows the measured 

post-experiment average soil-water contents, as well as the soil-water content profile 

along the length of the column. The profiles show that the soil-water content within each 

column was very uniform, lending support both for the uniformity of the wetting and 

packing method, as well as for the adequacy of the gas humidification method. 

Results and Discussion 

Breakthroueh Curves and Moment Analysis 

Replicate arrival breakthrough curves for methane and DFM for Experiment I 

(2% 0,J are shown in Figure 6-2. The overlap of the replicates is representative of all 

results and demonstrates the high reproducibility of the experimental conditions. For the 

remaining figures, a single replicate is shown; however, the data included in tables 

represent the average of all replicates. Figures 6-3 and 6-4 show the arrival and elution 

waves, respectively, for methane Experiments 2. 7. and 9 (9^=2.6%. 9.8%. and 17.1%. 

respectively). Figures 6-5 and 6-6 show DFM arrival and elution curves, respectively, for 

all experiments. Likewise. Figures 6-7 and 6-8 show the arrival and elution TCE 

breakthrough curves. Mass recoveries calculated from the breakthrough curves and 

known input pulse-size were typically 100±2% and are given in Table 6-2. At low and 

intermediate soil-water contents, breakthrough curves for methane, DFM, and TCE are 

symmetrical with sharp arrival and elution waves, indicating relatively ideal flow-

conditions. At higher soil-water contents, the DFM and TCE curves show significantly 

increased tailing in the arrival and elution curves. 
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Table 6-1. Soil Column Packing Specifications and Flow Conditions 

Experiment 0T 0w e. Pb PV Q V 

(-) (-) (-) (g-cm-^) (cm^) (PV-min') (cm-min"') 

1 0.351 0.019 0.332 1.720 151.3 0.33 3.31 
2 0.356 0.026 0.330 1.706 150.5 0.33 3.33 
3 0.348 0.031 0.317 1.727 144.6 0.35 3.47 

4 0.364 0.034 0.330 1.684 150.7 0.33 3.33 
5 0.369 0.052 0.313 1.683 142.5 0.35 3.47 
6 0.391 0.076 0.315 1.615 143.5 0.35 3.49 
7 0.390 0.098 0.287 1.631 130.8 0.38 3.77 
8 0.394 0.136 0.253 1.618 115.4 0.43 4.23 
9 0.397 0.137 0.260 1.597 118.6 0.42 4.23 
10 0.388 0.171 0.217 1.621 99.1 0.50 5.07 
11 0.375 0.199 0.176 1.655 80.4 0.62 6.25 

= average linear velocity. 
= Volumetric flowrate; 
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Figure 6-1. Post-Experiment Soil-Water Content Profile in Packed Soil Columns. 
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Figure 6-2. Replicate Arrival Breakthrough Curves for Methane and DFM in 
Experiment 1 (0^=1.9%). 
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Figure 6-3. Methane Arrival Waves for Experiments 2. 7, and 10. 
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Figure 6-4. Methane Elution Waves for Experiments 2, 7. and 10. 

Note: Expressed as Elution Pore Volume, zero pore volumes refers to the 
point when the input pulse ended and elution began. This allows 
comparison of elution behavior for experiments with different input pulse 
sizes. 
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Figure 6-6. DFM Elution Waves for All Experiments. 



frs 
c •-i a 
ON 

I 

H n 
m 

I <; p 

< 
n cn 

•-1 
> 

m 
X T3 rt 
3. 
3 ft 3 
c? 

Rclalivc Concentration 



176 

Elution Pore Volumes 

•  I  * 2 4 3  o 4 * 5  X 6 o 9 O 1 0 A 1 1  

Figure 6-8. TCE Elution Waves for All Experiments. 
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Table 6-2. Moments Analysis Results for Methane, DFM, cind TCE. 

E.xperiment 0\v Methane DFM TCE 
% n % R' ^ TOT — n % R' '^TOT ^ n 

Recovery Recovery stdev Recovery Stdev 

I 0.019 101.7 3 100.5 1.074 ± 
0.004 

3 99.7 1.669 ± 
0.023 

J 

2 0.026 99.8 2 99.7 0.991 ± 
0.004 

2 99.7 1.372 ± 
0.037 

J 

3 0.031 99.9 3 100.7 1.049 ± 
0.001 

2 99.4 1.369 ± 
0.025 

J 

4 0.034 100.3 J 101.5 1.092 ± 

0.016 
2 99.7 1.248 ± 

0.002 
J 

5 0.052 99.7 2 99.7 1.149± 
0.013 

3 98.6 1.322 ± 
0.074 

2 

6 0.076 100.2 3 99.5 1.296 ± 
0.013 

2 100.0 1.486 ± 
0.016 

2 

7 0.098 100.0 3 100.4 1.356 ± 
0.012 

J - - 0 

8 0.136 99.4 1 99.7 1.676 ± 
0.009 

5 - - 0 

9 0.137 100.4 2 - - 0 99.5 1.923 ± 

0.020 
J 

10 0.171 101.8 4 101.3 1.754 ± 
0.009 

J 99.7 2.334 ± 
0.031 

2 

11 0.199 102.2 4 101.5 2.204 ± 
0.018 

2 99.4 3.095 ± 
0.025 

2 
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Visual inspection of the curves reveals differences in the sharpness of the arrival 

front and elution wave at different soil-water contents. Qualitatively, there is a trend of 

slightly decreasing dispersion with increased soil-water content for all compounds, except 

in Experiment 11, where there is a marked increase in observed DFM and TCE 

dispersion. Figures 6-9 and 6-10 show DFM and TCE arrival waves for representative 

low. intermediate, and high soil-water content columns, with the x-axis changed to 

retardation factor-normalized pore volumes. Plotted in this manner, the dispersion 

behavior (e.g.. slope of the arrival wave) is viewed more clearly. Sources of dispersion 

will be discussed quantitatively below. In addition to differences in dispersion among the 

various soil-water content experiments, the magnitude of DFM and TCE retention in the 

system is strongly dependent on soil-water content, as shown in Figure 6-11 (see also 

Table 6-2). This is expected, since DFM and TCE partition into, and thus are retarded by 

the water phase. 

CFITIM Modeline Results and Dispersion Calculations 

Figure 6-12 shows the tortuosity factors calculated using the PMQ model, 

calculated with the measured experimental soil-water contents and air-fllled porosities as 

input values. As expected, a general decrease in the tortuosity factor, corresponding to 

increased tortuosity is observed with increasing soil-water contents. Uncertainty in the 

tortuosity factors is neglected in error calculations for the various dispersion parameters, 

discussed below. 
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Figure 6-9. Comparison of DFM Spreading in E.xperiments 1. 6. and 11 
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Figure 6-10. Comparison ofTCE Spreading in Experiments 1, 6. 10. and 11. 
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Figure 6-11. DFM and TCE Retardation Factors as a Function of Soil-Water Content. 
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Figure 6-12. Predicted Tortuosity Factors for the Penman, Millington and Quirk Model, 
as modified by Moldrup . 
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Methane 

The solid lines in Figures 6-3 and 6-4 represent fitted methane breakthrough 

curves. CFITIM was used to optimize for the Peclet number, while BTC4 was used to 

generate the fitted curves using moments analysis and optimized Peclet input values. 

Table 6-3 summarizes the fitted and calculated dispersion parameters for methane. 

Figure 6-13 shows the optimized Peclet numbers and the calculated total dispersion 

coefficient (D) for methane. Error bars represent the 95% confidence interval given by 

CFITIM for the Peclet number. As expected, from the experimental breakthrough cur\'es. 

the optimized Peclet numbers increase slightly as soil-water content increases, except at 

the highest soil-water content. The increasing trend is expected for two reasons. First, 

volumetric flowrate was held constant at 50 mL min ' for these experiments, rather than 

holding the linear velocity constant. Thus, the decrease in air-filled porosity with 

increasing soil-water content led to higher gas velocities for the higher soil-water content 

experiments. Higher velocities decrease the solute residence time in the soil column, 

decreasing the time available for diffusion to occur. Second, at higher soil-water 

contents, the tortuosity of the system is increased, decreasing the effective diffusion 

coefficient. With a decrease in diffusional contributions to solute spreading, the overall 

dispersion decreases with soil-water content. This is reflected in Figure 6-13 (D data). 

Guidelines published by Garges and Baehr (1998) suggest that fitted Peclet 

numbers can be used as an indicator of which advective-dispersive processes are 

dominant. Garges and Baehr suggest that for Peclet numbers less than one, diffusion 
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Table 6-3. Calculated and Fitted Equilibrium Values for Methane Dispersion 

Variables. 

Experiment 0\v V P D T a 

(cm s"') (-) (cm s') (-) (cm s"') (cm s"') (cm) 

1 0.019 0.06 9.4 0.059 0.207 0.044 0.015 0.270 

2 0.026 0.06 8.0 0.070 0.202 0.042 0.027 0.487 

3 0.031 0.06 8.3 0.070 0.190 0.040 0.030 0.511 

4 0.034 0.06 7.6 0.073 0.197 0.042 0.031 0.560 

5 0.052 0.06 9.2 0.063 0.180 0.038 0.025 0.428 

6 0.076 0.06 9.2 0.063 0.167 0.035 0.028 0.478 

7 0.098 0.06 11.7 0.054 0.144 0.030 0.023 0.369 

8 0.136 0.07 15.6 0.045 0.112 0.023 0.022 0.309 

9 0.137 0.07 13.1 0.054 0.112 0.024 0.030 0.429 

10 0.171 0.08 21.5 0.039 0.080 0.017 0.022 0.266 

n 0.199 0.10 13.6 0.077 0.054 0.011 0.065 0.626 
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Figure 6-13. Optimized Peclet Numbers and Calculated Dispersion Coefficients for 
Methane Experiments. 
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dominates transport. For Peclet numbers between one and ten, both dispersion and 

advective dominate, while at Peclet numbers greater than ten, advection dominates 

transport. In order to assess the applicability of these guidelines, the total dispersion 

coefficients can be split into diffusive and mechanical mixing contributions, as shown in 

Figures 6-14 and 6-15. Diffusion is shown to dominate methane dispersion at all but the 

two highest soil-water content experiments. The Peclet numbers corresponding to these 

experiments range between 8 and 12. a region where the guidelines suggest diffusion 

would be less important. For 0^=13.6%. diffusion and mechanical mixing contribute 

about equally to observed spreading, while for 0^ of 17% and 20%. mechanical mixing 

becomes more important than diffusion in influencing transport. The corresponding 

Peclet numbers for the dispersion-dominated experiments are 22 and 14. a region where 

the guidelines suggest advection alone is dominant. These Peclet numbers and the 

dominant transport mechanism do not fall within the guidelines found in the literature. 

Therefore, such guidelines should be used with caution in deciding which processes to 

consider as important for modeling purposes or conceptual description of a system. 

The likely cause of the increased mechanical mixing at the highest soil-water 

contents is increased linear velocity at the higher soil-water content (See Table 6-1 and 

Equation 6-2). To eliminate velocity effects, it is instructive to examine the dispersivity 

value, rather than the total term. As shown in Figure 6-16, the dispersivity of the 

system remains relatively constant across soil-water contents. The data show a possible 
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Figure 6-14. Diffusional and Mechanical Mixing Contributions to Methane Dispersion. 
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Figure 6-16. Methane Dispersivity Values as a Function of Soil-Water Content. 
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slight increase in dispersivity at the highest soil-water content. This indicates that, 

despite increasing soil-water content, there is negligible increase in the degree of physical 

heterogeneity, such as heterogeneity in the gas-filled pore distribution, affecting 

nonreactive transport, except perhaps at the highest soil-water content. 

Difluoromethane (DFM) 

The solid lines in Figures 6-5 and 6-6 represent the fitted DFM breakthrough 

curves. CFITIM was used to optimize for the Peclet number, while BTC4 was used to 

generate the fitted curves. For Experiments 10 and 11. while still quite acceptable, the 

equilibrium model does not fit the data as well as it does for the lower soil-water 

contents. Therefore, it is instructive to closely examine the observed DFM transport 

behavior to determine whether nonequilibrium processes may be occurring in the 17% 

("10) and 20% 0^ (#11) experiments. Table 6-4 and Figure 6-17 summarize the 

calculated and fitted dispersion parameters. 

Similar to the methane results, optimized Peclet numbers for DFM remain 

relatively constant at soil-water contents less than -7.5%. At soil-water contents higher 

than 7.5%. Peclet numbers increase slightly, and sharply decrease at the highest soil-

water contents. As before, it is instructive to examine the relative contributions to 

dispersion from difiiision and mechanical mixing, shown in Figures 6-18 and 6-19. In 

contrast to methane results, mechanical mixing is more significant than diffusion as a 

source of DFM dispersion. However, the absolute magnitude of DFM dispersion caused 
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Table 6-4. Calculated and Fitted Equilibrium Values for DFM Dispersion Variables. 

Experiment 0w V P D T a 
(cm s"') (-) (cm s"') (-) (cm s"') (cm s') (cm) 

I 0.019 0.06 11.3 0.049 0.207 0.024 0.025 0.451 

2 0.026 0.06 12.3 0.045 0.202 0.023 0.022 0.392 

3 0.031 0.06 11.8 0.049 0.190 0.022 0.027 0.468 

4 0.034 0.06 9.4 0.059 0.197 0.023 0.036 0.652 

5 0.052 0.06 11.8 0.049 0.180 0.021 0.028 0.487 

6 0.076 0.06 9.7 0.060 0.167 0.019 0.041 0.698 

7 0.098 0.06 13.4 0.047 0.144 0.017 0.030 0.483 

8 0.136 0.07 17.4 0.041 0.112 0.013 0.028 0.394 

10 0.171 0.08 15.1 0.056 0.080 0.009 0.047 0.555 

11 0.199 0.10 5.6 0.186 0.054 0.006 0.180 1.724 
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Figure 6-17. Optimized Peclet Numbers and Calculated Dispersion Coefficients for 
DFM E.xperiments. 
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DFM Dispersion. 
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by mechanical mixing, as represented by the dispersivity value, is slightly larger, but 

comparable to that experienced by methane at all but the highest soil-water content, as 

shown in Figure 6-20. This observation is expected, if the dispersivity parameter truly 

represents the physical system and does not represent a lumped parameter (e.g., including 

diffusional and nonequilibrium effects). The general trend of DFM dispersivity being 

slightly larger than methane's at all soil-water contents may be due to increased 

dispersion experienced by DFM associated with its retention in the system or by error 

associated with the literature diffusion coefficients used for methane and DFM. For 

Experiments 1-9. the discrepancy is relatively constant, suggesting that a systematic error 

in the diffusion coefficient may be more likely. 

At the highest soil-water content. Experiment 10 (0^=17.1%). Figure 6-20 shows 

a dramatic discrepancy between DFM and methane dispersivity values. Experiment 10 is 

one of the experiments discussed above as possibly displaying nonequilibrium behavior. 

Because DFM must dissolve into and diffuse through thick water films at the highest soil-

water contents, it is possible that diffusional rate-limitations (i.e.. nonequilibrium 

conditions) are influencing DFM transport. Inclusion of nonequilibrium effects in the 

hydrodynamic dispersion term, renders the term a lumped dispersion parameter that is no 

longer solute-independent. 

In general, the calculated dispersivity values do not show great variation over a 

relatively large range in soil-water contents. Only for 9^=20%, were the dispersivity 

values apparently influenced by soil-water content, and then, most dramatically for DFM. 
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Figure 6-20. Calculated Methane. DFM. and TCE Dispersivity as a Function of Soil-
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In general the observed dispersivities fell within the range of reported experimental 

values and model input values. Typical gas-phase dispersivity values range 

approximately from O.l to 5 cm, depending on soil type and soil coluirm length, while 

those reported here range between 0.3 and 1.7 cm. (Armstrong et al.. 1994; Popovicova 

and Brusseau. 1996; Ruiz et al., 1999; Garcia-Herruzo et al., 2000). 

Trichloroethene (TCE) 

The solid lines in Figures 6-7 and 6-8 represent the equilibrium-mode fitted TCE 

breakthrough curves. For E.xperiments 9 and 11. the equilibriimi model does not fit the 

data as well as for the others. As before for DFM, it is instructive to closely examine the 

observed TCE transport behavior to determine whether nonequilibrium processes may be 

affecting these experiments. Table 6-5 and Figure 6-21 summarize the calculated and 

fitted TCE dispersion parameters. 

Optimized TCE Peclet numbers remain relatively constant at soil-water contents 

less than ~13%. At soil-water contents higher than 13%, Peclet numbers sharply 

decrease. As before, it is instructive to examine the relative contributions to dispersion 

from diffusion and mechanical mixing, shown in Figures 6-22 and 6-23. Similar to 

DFM. mechanical mixing is more significant than diffusion as a source of DFM 

dispersion, due to the lower TCE diffusion coefficient. The magnitude of TCE dispersion 

caused by mechanical mixing, as represented by the dispersivity value, is comparable to 

that experienced by methane and DFM except at the highest soil-water contents, as shown 
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Table 6-5. Calculated and Fitted Equilibrium Values for TCE Dispersion Variables. 

Experiment 0w V P D T ^diff D»n. a 
(cm s"') (-) (cm s"') (-) (cm s"') (cm s"') (cm) 

1 0.019 0.06 14.1 0.039 0.207 0.017 0.022 0.392 

2 0.026 0.06 14.4 0.039 0.202 0.017 0.022 0.391 

3 0.031 0.06 13.6 0.043 0.190 0.016 0.027 0.461 

4 0.034 0.06 13.6 0.041 0.197 0.017 0.024 0.436 

5 0.052 0.06 13.4 0.043 0.180 0.015 0.028 0.487 

6 0.076 0.06 13.4 0.044 0.167 0.014 0.029 0.506 

9 0.136 0.07 16.2 0.044 0.112 0.009 0.034 0.484 

10 0.171 0.08 10.8 0.078 0.080 0.007 0.072 0.849 

11 0.199 0.10 3.4 0.303 0.054 0.005 0.298 2.862 
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in Figure 6-20. This is the same trend observed earlier for DFM; however, at 9^^, values 

of 17% and 20%, the increase in TCE dispersion is even greater than that experienced by 

DFM. At the highest soil-water content. Experiment 11 (0^=19.9%), Figure 6-20 shows a 

dramatic discrepancy between TCE, DFM, and methane dispersivity values. A.s stated 

above, the aqueous solubility of TCE and DFM may account for this discrepancy. TCE 

has the highest solubility and lowest diffusion coefficient of the three compounds, 

suggesting that the increased dispersion may be related to the aqueous solubility and rate-

limited aqueous diffusion of the compound, as discussed above. Another possible 

explanation lies in the fact that TCE, unlike the other solutes, sorbs to the solid phase and 

this sorption process may be rate-limited. However, as discussed in Chapter 6, the 

experimental TCE breakthrough curve for a water-saturated system was fit well by the 

equilibrium solute transport model. In a water-saturated system, it is assumed that 

sorption is the sole retention process. Therefore, it suggests that TCE sorption to the 

Vinton sand is not measurably rate-limited. Finally, adsorption of TCE at the air-water 

interface may be occurring. It has been suggested that adsorption at the air-water 

interface is an instantaneous process (Lorden et al., 1998). Furthermore, the fraction of 

retention due to the adsorption at the air-water interface for the high soil-water content 

experiments is minimal, as will be shown in Chapter 8. Therefore, the only process 

remaining that may account for die observed nonequilibrium behavior at the higher soil-

water content experiments is aqueous dissolution. 
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7. REACTIVE TRACER TECHNIQUES FOR MEASUREMENT OF SOIL-
WATER CONTENT AND AIR-WATER INTERFACIAL AREAS IN 

UNSATURATED SOILS 

Gas-phase miscible displacement experiments were conducted to evaluate the use 

of reactive tracers for in situ characterization of unsaturated porous-media systems 

(Research Objectives 2 and 3). Tracer performance was evaluated over a range of soil-

water contents. Methane was used as a nonreactive tracer, while difluoromethane (DFM). 

heptane, and decane were used as reversibly-retained water-partitioning and interfacial 

tracers. The use of DFM as a water-partitioning tracer has been suggested by Deeds et al. 

(1999a); however, rigorous testing of the method over a wide range of experimental 

conditions was not reported. Likewise, heptane has been used as an interfacial tracer, 

although the results among studies have been somewhat inconsistent (Brusseau et al.. 

1997; Silva. 1997: Enright. 1998). Decane has been demonstrated as a possible 

interfacial tracer by Kim et al. (1999b); however, the method implemented in that study is 

different than those employed here, as will be discussed in detail below. Furthermore, the 

methods reported by Kim et al. are not applicable to a field scenario, rendering the 

method less advantageous in achieving our current goals. 

Data Analysis and Modeling 

A detailed diagram of the laboratory system was shown in Figure 6-1. The 

experimental methods are identical to those described in previous chapters. Methane. 

DFM. and heptane concentrations were 100 ppmv in a balance of nitrogen, while the 

input decane concentration was 2 ppmv. These correspond to concentrations of 66. 213, 
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411. and 12 mg-L"', respectively, assuming standard temperature and pressure. The 

decane concentration used was lower than for the other compounds due to the much 

lower vapor pressure of decane. The method of comparative moments was used to 

analyze the measured breakthrough curves, as described previously. As before, the ratio 

of the reactive tracer and methane travel times provides the experimental retardation 

factor: 

The experimental retardation factor for DFM is dominated by retention due to 

dissolution into bulk water, and is represented by the following retardation equation. 

1 + a t ^ ̂ ss O--) 

where R^s is a correction factor accounting for any uptake of DFM by the system 

hardware (e.g.. tubing and column walls), and all others symbols have been defined 

previously. The "one" on the RHS of Equation 7-2 represents retention in the gas-phase 

pore volume, whereas the second term describes retention due to dissolution into the bulk 

water phase. 

To eliminate sorption by the system hardware (e.g., tubing, and column walls) 

from consideration, a total corrected retardation factor is defined for DFM as; 

R f  =  R f  -  = 1  + R w  ( 7 - 3 )  

where refers to DFM retention due to dissolution into bulk water. The corrected 

retardation factor will be used in the following analyses and, for convenience, will simply 
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be termed the retardation factor. Once the retardation factor for DFM is known. 

Equations 7-2 and 7-3 can be rearranged to calculate the soil-water content of a system, 

according to: 

9,,={R'T-\){.eaKH) (7-4) 

where 0^. the air-filled porosity, is calculated from measured porous medium bulk, 

particle density, and soil-water content data. 

In the case of heptane and decane. the total retardation factor may be influenced 

by several retention processes and is written as: 

+ + + + R (7.5) 

where and refer to the air-water interfacial partition constant [cm] and the specific 

interfacial area [cm '], respectively, and all other symbols have been defined previously. 

Thus, the total retardation factor for heptane and decane can be written as; 

R'-f = Rj — ^55 = 1 + /?5 + Rff^ RI  (7-6) 

where R^. Rw and R, refer to the retention due to sorption to the solid phase, dissolution 

into bulk water, and interfacial adsorption, respectively. Rj is calculated from known 

physicochemical constants related to the porous medium and the solute (Equation 7-5). 

can be calculated in the same manner as Rj or alternatively, can be calculated using a 

DFM-derived water content (Equation 7-4). The advantage of this latter method, is that 

the DFM-derived water content may represent an "effective water content". For example, 

if the advecting gas does not contact the entirety of the bulk water in the system, only a 
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portion of the bulk water will influence the retention of the solute. It is assumed that the 

"effective" portion of the total water content contacted by DFM is the same fraction that 

would be contacted by other advecting, soluble gases. Thus, using a gravimetrically-

measured water content to evaluate retention processes may serve to overestimate the 

magnitude of retention due to aqueous dissolution. Finally, R, is calculated using a mass-

balance approach as the difference between the total retardation factor and the sum of the 

contributions from other processes: 

Once the various terms in Equation 7-7 are known, an estimated specific 

interfacial area can be calculated from the heptane or decane retardation factor as; 

An ideal interfacial tracer will be retained in the soil system by a single retention 

process, adsorption at the air-water interface. Therefore, it is instructive to calculate the 

relative magnitude of the various contributions to heptane and decane retention. The 

percent contributions to retention of the individual processes are calculated as; 

/?/ = R'f - I- Rs -Rw (7-7) 

(7-9) 

(7-10) 

Fr = —^»100 
' R'T-\ 

(7-11) 
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Packed Column Specifications 

Miscible displacement experiments were conducted at up to ten soil-water 

contents ranging between -2% and ~20% 0^. Heptane and decane were not used for 

Experiment 4 and none of the reactive tracers were used for Experiment 9. The measured 

specifications and flow conditions for each column were reported in Chapter 6 and are 

repeated here for convenience in Table 7-1. For each packed column at a given soil-water 

content, experiments were typically conducted in duplicate or triplicate for each 

compound, as described in Chapter 6. Post-experiment column water content profiles 

reported in Chapter 6 indicated that water contents were uniform throughout the column. 

Experimental reproducibility was also demonstrated in Chapter 6. A single replicate is 

shown in figures reported in the chapter; however, the data included in the tables 

represent the average of all replicates. 

Results and Discussion 

Difluoromethane (Water-Partitionins Tracer] Results 

Breakthrough Curves and Moment Analysis 

Figures 7-1 and 7-2 show DFM arrival and elution curves, respectively, for all 

DFM columns. Mass recoveries were reported in Chapter 6 and were 100±2%. The Rjs 

correction factor was found to be quite small (0.02), indicating minimal uptake by the 

system hardware. Rjs vvas assumed to be uniform for all water content experiments. 
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Table 7-1. Soil Column Packing Specifications and Flow Conditions 

Experiment ex 0w 0. Pb PV Q V 

(-) (-) (-) (g-cm-') (cm^) (PV-min') (cm-min"') 
1 0.351 0.019 0.332 1.720 151.3 0.33 3.31 
2 0.356 0.026 0.330 1.706 150.5 0.33 
3 0.348 0.031 0.317 1.727 144.6 0.35 3.47 
4 0.364 0.034 0.330 1.684 150.7 0.33 j.jj 
5 0.369 0.052 0.313 1.683 142.5 0.35 3.47 
6 0.391 0.076 0.315 1.615 143.5 0.35 3.49 
7 0.390 0.098 0.287 1.631 130.8 0.38 3.77 
8 0.394 0.136 0.253 1.618 115.4 0.43 4.23 
10 0.388 0.171 0.217 1.621 99.1 0.50 5.07 
11 0.375 0.199 0.176 1.655 80.4 0.62 6.25 

PV = column air-filled pore volume; Q = volumetric flowrate; 
V = average linear velocity. 
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DFM experimental retardation factors are given in Table 7-2. Figure 7-3 shows that 

DFM retardation factors are directly proportional to soil-water content. This is the 

expected behavior for a water-partitioning tracer. 

Soil-Water Content Estimation and Tracer Efficiency 

Effective soil-water contents for each experiment calculated using Equation 7-4 

are given in Table 7-2. The effective, DFM-derived soil-water content, can be plotted 

against the measured gravimetric soil-water content, as shown in Figure 7-4. The 

observed linear relationship (r^=0.96) between DFM-derived effective water contents and 

gravimetrically determined water contents indicate that DFM can be used to measure soil-

water content in situ in column systems. The fact that the slope of Figure 7-4 is not equal 

to one indicates that in order to determine gravimetric water content in a given system 

based on the DFM-derived effective water content, the efficiency of the method must be 

known, where the efficiency, E, is defined as: 

nDFM 
= *100 (7-12) 

.•\s discussed in Chapter 3, the efficiency of the water-partitioning method may be 

dependent on flow conditions, water content, hydraulic properties of the porous medium, 

and physicochemical properties of the reactive tracer. Of these variables, the current 

study examined only the influence of water content on efficiency. This variable was 



Table 7-2. DFM Retardation Factors and Estimated Soil-Water Contents. 

212 

Experiment ew % Recovery R'tot ̂  stdev n Estimated O^y 
1 0.019 100.5 1.074 ±0.004 J 0.014 
2 0.026 99.7 0.991 ±0.004 3 -

3 0.031 100.7 1.049 ±0.001 2 0.009 
4 0.034 101.5 1.092 ±0.016 2 0.018 
5 0.052 99.7 1.149±0.013 2 0.028 
6 0.076 99.5 1.296 ±0.013 J 0.055 
7 0.098 100.4 1.356 ±0.012 2 0.061 
8 0.136 99.7 1.676 ±0.009 3 0.103 
10 0.171 101.3 1.754 ±0.009 5 0.096 
11 0.199 101.5 2.204 ±0.018 J 0.107 
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chosen based on literature reports suggesting that efficiency may be inversely 

proportional to water content. Nelson et al. (1999a) and Carlson et al. (2001) reported 

data for systems at two water contents each. Their efficiencies ranged between 54 and 

92%. Their data are in agreement with the theory that efficiency may be inversely 

proportional to water content. On the contrary, Kim et al. (1999b) reported efficiencies 

>90% for a series of water contents using methylene chloride and chloroform as tracers. 

They reported only minimal dependence of efficiency on water content. 

The efficiencies observed for these experiments are shown in Figure 7-5. There is 

some variability in the observed efficiency; however, no clear trends in efficiency are 

obser\'ed as a function of water content. The average efficiency of the current method 

and conditions employed was 51%. indicating that on average. DFM contacted 

approximately half of the water actually present in the system. The average etTiciency is 

comparable to efficiencies reported by Nelson et al. (1999a). but lower than efficiency 

values reported by Brusseau et al. (1997), Kim et al. (1999b), and Carlson et al. (2001) of 

85%. >95%. and 88%. respectively. Similar to the data reported by Kim et al., the current 

research does not support a relationship between efficiency and soil-water content. 

The range in reported average efficiencies may indicate that differences in 

methodology may influence tracer performance. The primary difference among the 

methods used are the size of the tracer input pulse, the method of wetting the soil to the 

desired soil-water content, and the soil column size used. Kim et al. injected 

approximately 3-10-^L of saturated tracer vapor into a carrier gas stream. This served to 
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217 

significantly dilute the tracer vapor, resulting in breakthrough curves with maximum 

column effluent relative concentrations of less than ~0.2. All other studies reporting 

tracer efficiencies, including the current research, have used a tracer gas input pulse of 

much longer duration. The tracer gas was pre-blended with nitrogen in a high pressure 

cylinder in order to remain at low tracer concentrations, but to achieve column effluent 

relative concentrations near one. 

There are advantages to both methods employed. The advantages of the 

microliter injection method used by Kim et al. include the much smaller amount of tracer 

used and the ease of obtaining tracer vapor at known concentrations from the headspace 

of the liquid tracer in equilibrium with its vapor. The equilibrium temperature can be 

altered to obtain various tracer vapor concentrations. These differences represent a cost 

and time advantage over using custom-blended high-pressure gas mixtures. The "step 

input" method used in this research has the advantage of producing breakthrough curves 

that achieve relative tracer concentrations near one. This improves the ease of visual 

analysis and comparison of the resulting curves. Furthermore, it has been shown that step 

input pulses result in better accuracy in moments analysis-derived parameters (e.g.. 

retardation factor) than do smaller "square-wave" input pulses (Young and Ball. 2000). 

.Additionally, the current method is able to be implemented at the field scale. To the 

contrary, the significant tracer dilution that occurs with the microliter size injections, 

coupled with dilution that is unavoidable with implementation of a miscible displacement 

experiment in an open system (e.g., a natural vadose zone) make both detection of the 
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tracer and analysis of the resultant curves difficult. Thus, the method used by K.im et al. 

would not be feasible to implement at the field scale. Despite the benefits of increased 

accuracy and field-applicability of the method described in this research, it is not clear 

that the two methods should yield such widely varying tracer efficiencies. Thus, the 

cause for the discrepancy between the current efficiencies and those reported by K.im et 

al. (1999b) are not immediately clear. 

A variety of methods were employed to wet the soil to the desired soil-water 

content. Brusseau et al. (1997) first saturated the soil column and then allowed the 

column to drain to the desired soil-water content. The laboratory studies reported by 

Nelson et al. (1999a) and in the current research wetted the soil by mixing known masses 

of soil and water and then wet-packing the soil column. The lysimeter-scale experiments 

described by Nelson et al. and Carlson et al. (2001) wetted the soil via controlled water 

infiltration events. Finally, Kim et al. (1999b) wetted the soil in their studies by injecting 

small amounts of water into a dry-packed soil column and heating the sealed column in a 

150°C oven for 24 hours to evenly distribute the water. Water-additions and heating 

periods were repeated until the desired soil-water content was achieved. It is quite 

reasonable to assume that the method of wetting the soil would influence the water 

distribution in the soil. It is also quite feasible that soil-water distribution could influence 

tracer efficiency, because the soil-water distribution indirectly creates or constricts 

advective gas pathways. It will be discussed further below how disconnected gas 

pathways may influence tracer efficiency. To the author's knowledge, the relationship 
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between the different soil wetting methods, soil-water distribution, and tracer efficiencies 

has not been examined in the literature. 

Finally, the column size used, particularly the column diameter, was quite 

variable among the various studies. Column diameters ranged from 1 cm to 3 inches. 

The highest efficiencies, reported by Kim et al. (1999b), were obtained using the 

narrowest column (1 cm), while the lowest efficiencies, reported here, were obtained 

using the largest column diameter (3 inches). The efficiencies reported by Brusseau et al. 

(1997) were relative high, but intermediate between that reported by Kim et al. (1999b) 

and the current research. Similarly, the soil column used by Brusseau et al. was of 

intermediate diameter (1 inch), as well. It is possible the dispersion frits contained in the 

column endcap fail to fiilly disperse the inlet vapors across the column cross section. 

Naturally, dispersion of inlet gases would be most critical and most difficult in a larger 

diameter column. If the gases were not fully dispersed, they would preferentially flow 

down the center of the column, possibly limiting contact between the gases and the 

porous-media/water located near the column walls. Currently there are not enough data 

to confirm the relationship between column diameter, dispersion frit performance, and 

tracer efficiencies. 

Mechanistically, the observed efficiencies might be due either to complete 

isolation of portions of the soil-water from the advecting gas or due to kinetic constraints 

on DFM dissolution. As discussed in Chapter 6, there is little indication of 

nonequilibrium conditions for the DFM experiments, except at the two highest soil-water 
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contents (17 and 20%). Because the method of moments used to calculated DFM 

retardation factors should not be affected by nonequilibrium conditions, it is reasonable 

that despite the onset of slight nonequilibrium at the highest water contents, efficiencies 

appear unaffected. If efficiencies were influenced by the nonequilibrium observed in 

DFM breakthrough curves, the efficiencies would be expected to decrease at the highest 

water contents. The relative uniformity of efficiencies across soil-water contents suggest 

that kinetics did not significantly influence DFM tracer performance. 

In order to investigate the possibility of incomplete contact between the soil-water 

and advecting gas. it is instructive to examine the nonreactive tracer data. It would be 

ideal to compare the "actual" air-filled volume in the packed-column system, as 

calculated from measured bulk- and particle densities, to the methane travel volume, as 

calculated from measured flowrates and travel time through the system. If the advecting 

gases were being excluded from regions of the air-filled porosity, the travel volumes 

would be lower than the actual air-filled volume. Such a direct comparison would be 

possible if either the advecting fluid were incompressible or if more precise information 

were known regarding the pressure gradient in the system. Unfortunately, the pressure 

gauges used in the system did not provide sufficient precision for such analysis. Given 

the expansion of gas along the pressure gradient in the system, there is no longer a direct 

relationship between travel time and volumetric flowrate measured at the system outlet. 

Therefore, using the available pressure data, the following analysis can only be 

considered as a first-order estimation. 
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The approximate inlet pressure for all experiments was 3 psi (gage) or 17.7 psi 

(absolute) and the outlet of the system was assumed to be at atmospheric pressure of 14.7 

psi. Assuming a linear pressure gradient in the column system, the average pressure in 

the column would be 16.2 psi. From this average pressure, an approximate gas expansion 

coefficient (G) for the column system is calculated as: 

G = = = (7-13) 
Outlet P 14.7 psi 

Because the gases are travelling more slowly throughout the system than what is 

measured at the outlet, the travel volume calculated using the outlet flowrate will be an 

overestimation of the actual travel volume. Thus, the apparent methane travel volume, 

calculated as the product of the outlet volumetric flowrate and the travel time can be 

divided by G=1.1 to obtain a conservative estimate of the actual travel volume. Figure 7-

6 shows a comparison of the air-filled volumes (travel volume) estimated in this maimer 

and the "actual" air-filled volumes calculated from particle- and bulk densities. As 

shown from the regression equation, the trend or variation in air-filled volumes for the 

various columns is represented well by the estimated values, however, the estimated 

volumes are consistently higher than the actual air-filled volumes. Overestimation of the 

air-filled volume may indicate the inlet pressure, and consequently, die value for G, were 

underestimated. The average "experimental" G. calculated as the quotient of the methane 

travel volume and the actual air-filled volume, is 1.24, an error of -3%. This would 

represent an underestimation of the inlet pressure by 0.5 psi, which is larger than would 

be expected, but is not unreasonable. 
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The travel volumes are estimated to be higher than the actual air-filled volumes, 

and the overestimation is reasonably accounted for by uncertainty in the inlet gas 

pressure. These findings do not support the hypothesis that incomplete contact between 

the gas phase and the entirety of the soil-water are the source of the low efficiency of the 

DFM method. The hypothesis would be supported by travel volumes less than known 

air-filled volumes, which would indicate that the advecting gas had been isolated or 

disconnected from regions of the system. 

Other possibilities that might account for the low efficiencies would be 

uncertainty in physical constants, most notably, in the Heruy's coefficient for DFM. This 

is unlikely, as the value of Kj, required to arrive at the highest average efficiency is 0.920. 

This optimized value would represent an error in the experimentally measured value 

of 82%. A measurement error of such magnitude is unlikely, considering the reported 

success of the measurement method (See Chapter 5) and agreement between the 

measured value (K„ = 0.505) and the value reported by Deeds et al. (1999a) (K^, = 0.588). 

It is important to note, however, that tracer efficiencies were not examined by Deeds et al. 

Rather. Deeds et al. performed DFM transport experiments similar to those described 

here but assumed 100% efficiency of the tracer. Given this assumption, they used the 

known (i.e.. gravimetrically-measured) soil-water content in the DFM retardation 

equation (Equation 7-4) and solved for the Henry's coefficient. With literature 

efficiencies ranging widely, a priori assumption of 100% efficiency may represent a large 

source of uncertainty in the Deeds et al. reported Henry's coefficients. Had their actual 
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efficiencies been 90%, 70%, or 50%, their calculated Henry's coefficients would have 

been 0.483, 0.311, and 0.189, respectively. Therefore, their reported value of 0.588 may 

be considered as a maximum Henry's coefficient. This supports the value of 0.505 

measured here and suggests that error in Henry's coefficient does not play a significant 

role in the low tracer efficiencies. 

It is not immediately clear what is limiting the efficiency of the DFM in situ soil-

water measurement method. It would be desirable for improvements to be made in the 

experimental system, which would allow for more accurate and precise pressure 

measurement and monitoring. This would enable a more critical evaluation of whether 

the advecting gases had. indeed, been isolated from regions of the air-filled column 

volume. Additionally, a better technique for measuring flowrates in the soil column 

would aid in such an analysis. The use of mass-flow controllers is one possibility, since 

despite changes in volumetric flowrate in response to pressure gradients, mass flowrates 

would remain constant and known throughout the system. The detraction from using 

such equipment in the current research was the intense flow-controller calibration 

required for each compound of interest. The required calibration would represent a 

dramatic increase in experimental time and prohibit the rapid sequence of several 

compounds through a given soil column under set conditions. Alternatively, the purchase 

of separate mass-flow controllers for each compound was cost-prohibitive. Finally, 

although it was eliminated from consideration by the current analysis, a more detailed 

kinetic study could be performed. This could involve, for example, performing a series 
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of experiments under set soil-column conditions, but at different flowrates. Higher 

flovvrates might force measurable nonequilibrium DFM behavior at lower soil-water 

contents. Correlation of the degree of nonequilibrium occurring in the system with DFM 

efficiency would clarify the influence of nonequilibrium processes on tracer efficiency. 

However, the feasibility of such experiments is contingent on an improved means of 

measuring flowTates, since the use of flowrate as an experimental variable will serve to 

exacerbate current problems with gas expansion through the system. 

Heptane and Decanc (Interfacial Tracer) Results 

Breakthrough Curves and Moment Analysis 

Figures 7-7 and 7-8 show arrival and elution waves, respectively, for heptane. 

Likewise. Figures 7-9 and 7-10 show decane breakthrough curves. Heptane breakthrough 

curves exhibit relatively sharp and symmetric arrival and elution waves, indicating 

relatively ideal transport. However, in the lowest water content column, a significant 

increase in both heptane retention and tailing is observed. Decane curves exhibit 

significant tailing in both the arrival and elution waves in virtually all experiments. In 

fact, the decane tailing behavior observed in Experiment 1 limited the effluent relative 

concentration to < 0.7, even after an 18 pore volume input pulse. The input pulse for this 

experiment was limited to 18 pore volumes, because for longer total experiment durations 

and for such incremental changes in decane concentration, the actual tailing behavior 
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became indistinguishable from drift in the online detector. Termination of the input pulse 

prior to reaching a relative concentration of one should not affect the moment analysis of 

the breakthrough curve. The tailing observed for decane is much greater than that 

observed for any other compounds examined here and is likely due to the additional 

dispersion caused by greater solute retention and longer residence time. 

Table 7-3 summarizes the recovery and retention data for heptane and decane. 

Recoveries are greater than 98% for all experiments, except for decane in Experiment 1. 

which had an average recovery of only 93%. That experiment also showed the least 

reproducibility, as evidenced by the large uncertainty in the retardation factor. .A.s 

discussed above, the extremely large retardation factor for that experiment (R-I4) and 

the comparatively long experiment duration may have contributed to low mass recoveries 

and error due to instrument drift. Therefore, a soil-water content of 1.9% might be 

considered as the lower limit of the appropriate range for using decane as an interfacial 

tracer. However, at higher water contents that may be more typical of field situations 

(e.g.. 5%<9\v<12%) decane appears to exhibit reproducible and quantifiable behavior. 

.As shown in Figure 7-11, heptane and decane retention are strongly dependent on 

soil-water content. Both interfacial tracers exhibit the expected inverse relationship 

between the magnitude of retention and soil-water content. As discussed in Chapter 2, 

this behavior is expected, because soil-water content has been shown to be inversely 

proportional to air-water interfacial areas in porous media. Although decane and heptane 

show similar trends in retention as a ftinction of soil-water content, decane has 



Table 7-3. Heptane and Decane Retardation Factors. 

Experiment 0w Heptane Decane Experiment 0w 
% Recovery R'± 

stdev 
n % Recovery R'± 

stdev 
n 

1 0.019 99.6 1.538 ± 4 93.2 14.179 ± 2 
0.009 1.541 

2 0.026 99.6 1.146± 2 99.4 5.371 ± 2 
0.004 0.023 

3 0.031 98.8 1.124± J 100.0 5.194 ± 2 
0.025 0.120 

5 0.052 99.5 1.042 ± J 98.8 3.324 ± J 
0.002 0.042 

6 0.076 99.7 1.007 ± 3 100.0 2.735 ± J 
0.005 0.043 

7 0.098 99.4 1.008 ± 3 99.1 2.861 ± 2 
0.004 0.049 

8 0.136 99.0 1.070 ± 2 98.6 2.879 ± 2 
0.008 0.022 

10 0.171 99.5 0.958 ± 2 100.5 2.464 ± 2 
0.019 0.072 

11 0.199 99.5 0.973 ± 101.8 2.515 ± 2 
0.012 0.041 



Heptane 

Soil-Water Content 

Figure 7-11. Heptane and Decane Retardation Factors as a Function of Soil-Water 
Content for all Experiments. 
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dramatically higher magnitude of retention at all water contents. This is expected, 

because the interfacial partition coefficient for decane is approximately an order of 

magnitude higher than that of heptane. In fact, the retardation factor of heptane is 

calculated as less than one for Experiments 10 (R-0.96) and 11 (R-0.97). This may 

indicate slight overestimation of the retention of heptane by the system hardware (Rss) or 

may speak to the difficulty of quantifying such minimal retention, due to inherent 

uncertainty or variation in experimental parameters (e.g.. flowrates. temperature). 

The highest retardation factor for heptane is 1.5, measured at the lowest soil-water 

content (1.9%). The retardation factor quickly drops to 1.1 at an only slightly increased 

soil-water content of 2.6%. These water contents are well below typical soil-water 

contents in the field. Thus, in a higher soil-water content range more typical of a field 

scenario, the retardation factor for heptane is so small as to be difficult to quantity. This 

is a clear drawback to the use of heptane as an interfacial tracer. 

Evaluation of Tracer Retention Processes 

The appropriateness of heptane and decane as interfacial tracers can be further 

examined in light of the fraction of their soil-retention that is due to processes other than 

adsorption at the air-water interface. For example, the aqueous solubility of heptane, 

although low. is significantly higher than that of decane. Therefore, a smaller firaction of 

heptane retention is due strictly to interfacial adsorption, potentially rendering heptane a 

less desirable interfacial tracer. Tables 7-4 and 7-5 summarize the absolute (i.e.. Rs, R^., 

and R,) and percent contributions (i.e., Fg, F^, and FJ of each retention process to the 
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total retardation factor of heptane and decane, respectively. Process-contributions were 

calculated according to Equation 7-6 and Equations 7-(9-l 1). 

Table 7-4 reveals that sorption to the solid phase contributes most significantly to 

heptane retention. At all but two water contents, retention due to sorption is more 

important than any other process. In fact, once dissolution into bulk soil-water and 

sorption to the solid phase are accounted for, interfacial adsorption is observed to be 

negligible at all but the lowest three water contents. In the 1.9, 2.6, and 3.1% Gv^ 

experiments, interfacial adsorption is shown to contribute 27, 41%. and 71%. 

respectively, of the total retardation factor. Thus, as discussed above, heptane only 

appears to be a viable interfacial tracer at water contents that are so low, as to be of little 

practical value. 

Literature reporting heptane to be an appropriate interfacial tracer have reported 

heptane retardation factors comparable to those reported here (Silva, 1997), as well as 

values that are significantly larger (Brusseau et al., 1997). Silva reports retardation 

factors ranging from 1.08 to 1.22 for soil-water contents ranging from 19.5 to 4.5%. 

However. Silva assumed the success of heptane as an interfacial tracer a priori, by 

assuming that interfacial adsorption was the only process influencing heptane retention. 

Silva did not consider sorption of heptane to the system hardware or to the solid phase, 

nor did he take aqueous dissolution into account. Thus, these experiments did not serve 

to evaluate the use of heptane as an interfacial tracer, but rather relied upon its success to 

draw further conclusions regarding the retention of gas-phase organic compounds in soils. 



Table 7-4. Process-Contributions to Total Retardation Factor for Heptane. 

Experiment 0w R'tot Rs R\v R, Fs Fw F, 
1 0.019 1.538 0.046 0.001 0.492 8.5 0.1 71.7 
2 0.026 1.146 0.046 0.001 0.137 24.8 0.5 41.4 
3 0.031 1.124 0.048 0.001 0.075 38.8 1.0 27.4 
5 0.052 1.042 0.048 0.002 - 95.9 4.1 -

6 0.076 1.007 0.045 0.003 - 93.9 6.1 -

7 0.098 1.008 0.050 0.004 - 92.3 7.7 -

8 0.136 1.070 0.057 0.007 - 89.6 10.4 -

10 0.171 0.958 0.066 0.010 - 87.3 12.7 -

11 0.199 0.973 0.083 0.014 - 85.8 14.2 -
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Table 7-5. Process-Contributions to Total Retardation Factor for Decane. 

Experiment 0w ^*TOT Rs Rw Ri Fs Fw F, 
1 0.019 14.179 0.058 0.000 13.121 0.4 0.0 99.6 

2 0.026 5.371 0.058 0.000 4.313 1.3 0.0 98.7 
3 0.031 5.194 0.061 0.000 4.132 1.4 0.0 98.5 
5 0.052 3.324 0.060 0.001 2.255 2.6 0.0 97.4 
6 0.076 2.735 0.057 0.001 1.654 3.3 0.1 96.6 
7 0.098 2.861 0.063 0.001 1.796 3.4 0.1 96.5 
8 0.136 2.879 0.071 0.002 1.805 3.8 0.1 96.1 
10 0.171 2.464 0.083 0.003 1.378 5.7 0.2 94.1 
11 0.199 2.515 0.105 0.004 1.406 6.9 0.3 92.8 



The much larger heptane retardation factor reported by Brusseau et al. of 6.09 at a 

soil-water content of 16% is much larger than retardation values reported here and by 

Silva et al. The porous media used here and by Brusseau et al. are both considered silica 

sands and have <0.05% organic carbon. The porous medium examined by Brusseau et al. 

has a greater percentage of fines (-10.5%) compared to the sand e.xamined here (~3?/o 

fines); however, the reported saturated-phase sorption coefficients for TCE on both media 

are very similar (0.02 and 0.014 mL-g '). The larger fine fraction in the Brusseau et al. 

media likely correlates to larger porous medium surface areas and consequently, larger 

interfacial areas. This may account for the large difference the retardation factors 

reported by Brusseau et al. and other studies. However, surface areas were not reported 

by Brusseau el al. and limit further analysis of the differences. The fact that the sorption 

to the system hardware was not considered by Brusseau et al. may have caused slight 

overestimation of true retardation factors. However, it is not believed that sorption to the 

glass column alone could account for the large difference in retardation factor values. 

The current study represents the first evaluation of heptane as an interfacial u-acer 

over a range of soil-water contents, while taking sorption to the solid phase and to the 

system hardware, aqueous dissolution, and interfacial adsorption into account. In these 

studies, heptane was observed to be inappropriate as an interfacial tracer due to its 

minimal total retention and the significant contribution to its retardation factor from 

processes other than interfacial adsorption. Therefore, it will not be considered fiirther in 

this analysis. 
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Contrary to the arguments against heptane as an interfacial tracer, data provided in 

Table 7-5 lend support for the viability of decane as an interfacial tracer. Adsorption at 

the air-water interface is shown to contribute no less than 92% of the total retardation 

factor. Sorption to the solid phase contributes secondarily to retention, but at levels of no 

more than 7% of the total. Aqueous dissolution is shown to be of little importance. 

Thus, decane shows promise as an interfacial tracer, and its potential to yield information 

regarding the air-water interfacial areas will be examined further. 

Specific Air-Water Interfacial Area Estimations 

The air-water interfacial areas calculated from analysis of the experimental 

breakthrough curves and Equation 7-8 are shown graphically in Figure 7-12. The soil-

water content values used in Equation 7-8 can either be taken from the gravimetric 

measurements or from DFM data presented above. Because aqueous dissolution 

contributes so minimally to decane retention, the interfacial areas estimated by the two 

methods are essentially the same, as shown in Table 7-6. As expected, estimated air-

water interfacial areas are inversely proportional to soil-water content. The highest 

estimated interfacial area of-19 500 cm"' is less than, and therefore consistent with, the 

measured N^/BET surface area of the sand expressed in the same units of ~60 888 cm '. 

Typical specific surface area units of cm"-g'' are converted to units used for interfacial 

areas of cm"' by multiplying by the bulk density of the porous medium. The N^/BET 

measurement of specific surface areas is expected to capture some of the molecular-scale 
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Figure 7-12. Interfacial Areas Calculated from Decane Retardation Factors. 
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Table 7-6. Interfacial Area Estimates using Measured Gravimetric and DFM-Derived 
Soil-Water Content Values. 

Experiment 0w ^lA 
(cm"') 

A,^ (using DFM 0^) 
(cm-') 

I 0.019 19458 19458 

2 0.026 6357 6357 
3 0.031 5851 5852 
5 0.052 3153 3153 
6 0.076 2327 2328 
7 0.098 2303 2304 
8 0.136 2040 2041 
10 0.171 1335 1337 
11 0.199 1105 1107 
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surface roughness of the sand grains. Therefore, BET areas should be higher than the 

estimated interfacial area, since the water coating will tend to mask microscale surface 

roughness as the coating thickens beyond a few monolayers. Thus, the decane-derived 

air-water interfacial area estimates appear reasonable given the properties of the given 

porous medium. 

Potentially important sources of uncertainty in the current study involve the use of 

an estimated value for the decane and the low tracer efficiencies discussed above for 

DFM. As reported in Chapter 5, the lack of estimation correlations tailored to the 

compound class of interest, here straight-chain alkanes, increased the uncertainty in the 

estimation. Furthermore, die available estimation methods rely on soil-organic matter 

referenced correlations, while the porous medium of interest here is a very low organic 

matter soil. The reported uncertainty in the value, taken as the relative standard 

deviation of four estimation methods was 39%. It is instructive to evaluate what effect 

this uncertainty may have on interfacial area estimates. Table 7-7 shows the interfacial 

area estimates presented above, as well as estimates based on the average ± 50%. 

Because solid-phase sorption accounts for such a small fraction of the total decane 

retardation factor, a 50% change in Kq is observed to have only a slight effect on the 

interfacial area estimates. 

Another means of assessing the possible error in the sorption coefficient is to note 

that as soil-water content increases, interfacial adsorption contributions to decane 

retention decreases. Extrapolating to complete saturation, the only retention processes 
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Table 7-7. The Effect of 50% Decane Uncertainty on Calculated Interfacial Areas. 

Experiment Ow A,A (cm-') A,A (cm"') A,A (cm-') 
(-) K o '  KD+50% Kd-50% 

I 0.019 19458 19294 19460 
2 0.026 6357 6194 6359 
3 0.031 5851 5687 585 
5 0.052 3153 2992 3155 
6 0.076 im 2173 2329 
7 0.098 2303 I H l  2305 

8 0.136 2040 1886 2042 
10 0.171 1335 1181 1338 
11 0.199 1105 948 1108 

' Average of previously estimated values (see Chapter 5). 
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controlling the system are aqueous dissolution and sorption to the solid phase. Therefore, 

an estimate of the sorption coefficient can be derived by extrapolating the plot of total 

decane retardation factors versus soil-water content (Figure 7-11) to near-saturation. The 

retardation equation near saturation is written as: 

Rj (7.14) 
9 , K h  9 , K H  

The measured retardation factor and knowledge of the remaining physicochemical 

properties allows Equation 7-14 to be solved for Kq. Figure 7-13 shows the linear and 

exponential extrapolation of data from Experiments 5-11. E.xtrapolation of these six 

points minimizes the influence of the very high retardation factors measured at low soil-

water contents (E.xperiments 1-4) due to interfacial adsorption (see Figure 7-11). Both 

the linear and exponential extrapolation of the data to soil-water saturation of 37.5% % 

fit the data well and yield similar estimations of the total decane retardation factor at 

saturation. The estimated retardation factors of 1.687 and 1.876 lead to sorption 

coefficient estimations of 0.324 and 0.475 for the linear and exponential extrapolations, 

respectively. These values are approximately an order of magnitude lower than the 

values estimated in Chapter 5 and used throughout this Chapter. However, as shown in 

Table 7-8. the lower values have little effect on calculated interfacial area values, as 

the sorption contribution to total retention is already so low. 
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Table 7-8. The Effect of Decane Kq Values Estimated by Linear and Exponential 
Extrapolation of Decane Data on Calculated Interfacial Areas. 

Experiment CD
 

A,A (cm-') Au (cm'') A,A (cm-') 
(-) K o '  Linear-Ko Exponential-KQ 

1 0.019 19458 19534 19529 

2 0.026 6357 6433 6428 
3 0.031 5851 5928 5924 
5 0.052 3153 3227 3223 
6 0.076 n i l  2399 2395 
7 0.098 2303 2375 2371 

8 0.136 2040 2112 2108 
10 0.171 1335 1407 1403 
11 0.199 1105 1179 1174 

' Average of previously estimated values (see Chapter 5). 
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Another possible uncertainty is introduced to the decane analysis with regard to 

observed DFM efficiencies. Specifically, if DFM did not contact the entirety of the soil-

water in the column, it is also possible that the interfacial tracer also did not contact all of 

the soil-water and the air-water interfaces bounding the gas-filled pore volume. It is 

important to speculate how incomplete contact between decane and the air-water 

interfaces may influence the measured interfacial area values. Because the exact source 

of the low DFM efficiencies is not clear, one must consider the different scenarios that 

may be occurring within the soil system. The first possibility is that DFM actually passed 

through and contacted the entirety of the gas-filled pore space in the soil column, but was 

kinetically restricted from dissolving into and contacting the entirety of the soil-water. 

This might occur if the gas-phase was fully continuous, but gas advection was too fast to 

allow equilibrium partitioning. Because dissolution of decane into soil-water is so 

minimal (see Table 7-5) and because decane would have fiilly contacted the air-water 

interfaces bounding advective pathways, this first scenario would have little influence on 

decane transport and on subsequent interfacial area calculations. 

Another possible scenario leading to the observed DFM efficiencies is that the 

tracers are entirely isolated from a fraction of the soil column but are in equilibrium with 

the contacted fraction. This scenario may be created by failure of the column inlet 

dispersion frits to fully disperse the gases across the cross-section of the column, as 

discussed previously. If the average porosit>' and soil-water content are the same in the 

contacted and isolated soil fractions, failure to contact the entire system would not 
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influence the data analysis. Because the system descriptor terms in the retardation 

equation (e.g., 0^, QJ are volume-normalized, if the air-filled pore volume or volume of 

soil-water are present in the same ratio to the bulk volume in both the contacted and 

isolated regions, the same 0^ and 0, values accurately represent the system (see DFM 

discussion above). However, if the contacted and isolated regions do not have the same 

average properties, the data analysis may be influenced by exclusion of the tracers from a 

region of the soil. For example, if the tracer gases flow preferentially through a higher 

permeability region, perhaps caused by lower soil-water content in that region, the 

system-averaged 0^ and 0^ terms may not accurately represent the contacted region. This 

nonuniformity in 0^ and 0, values is not expected in the homogeneous sand system used 

here, but may be quite important to consider in a field scenario. Due to the assumed 

uniformity of the soil system and the fact that any slight nonequilibrium caused by 

aqueous diffusion rate-limitations should not significantly affect decane transport, it 

appears that the low water-partitioning tracer efficiencies should not influence estimation 

of air-water interfacial areas. 

In assessing the validity of the current method of estimating specific air-water 

interfacial areas, it is also important to determine whether any other sources of tracer 

retention may be occurring within the system that are not being explicitly accounted for 

in the analysis. The only process that was not considered in the current analysis that has 

been suggested in the literature as possibly occurring is capillary phase separation (CPS). 

As described in more detail in Chapter 1, CPS is the process of organic vapors 
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condensing in small pores at vapor pressures less than saturation. There is limited 

research into the occurrence of CPS in soil/contaminant systems, but preliminary data 

suggest that for CPS to occur, pore diameters on the order of molecular dimensions and 

high relative vapor pressures are required (Bartell and Donahue, 1952; Miyahara et al.. 

1997). In the current system, the relative vapor pressures used for decane was the highest 

of all compounds and was still e.xtremely low (-0.10%). Thus, it is highly unlikely that 

decane CPS could occur under such conditions and appears reasonable that CPS was not 

considered in the analysis. 

Comparison of Experimental and Literature Data 

Kim et al. (1999b) report the use of decane as an interfacial tracer, using the same 

microliter injection technique as described previously for their water-partitioning tracer 

studies. The reported decane retardation factors were all less than 2. for soil-water 

contents ranging between 5% and 17%. This represents a similar soil-water content range 

as examined in the current research; however, the retardation factors reported by Kim et 

al. are significantly lower than those reported here (see Table 7-3). The discrepancy in 

decane retardation factors may be readily explained by the large difference in specific 

surface area of the porous media used in the studies. Kim et al. report a nitrogen/BET 

specific surface area of 1 200 cm'-g"', while the specific surface area of die sand used in 

this research is 35 400 cm'-g"'. The much smaller surface area of the media used by Kim 

et al. is attributable to the much larger average sand-grain size and removal of the clay 

and silt fractions. Thus, the difference between the two studies with regard to retardation 
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factors does not appear to represent any inconsistency. Consistent with lower porous 

medium surface area and retardation factors. Kim et al. report specific air-water 

interfacial area values (80-1 500 cm ') that are lower than those reported here. Thus, the 

Kim et al. results appear both self-consistent and consistent with the current data. 

Kim et al. assumed a priori that decane behaved as an ideal interfacial tracer, by 

assuming that adsorption at the air-water interface was the sole retention process 

governing decane retention. Sorption to the solid phase and to the system hardware, as 

well as aqueous dissolution were eliminated from consideration, based on the argument 

that the aqueous solubility of decane is so low as to be negligible. While this argument is 

sound in the case of eliminating aqueous dissolution from consideration, it does not 

necessarily hold for the case of solid-phase sorption. Regardless of the air-water 

equilibrium partitioning of decane. the water-solid equilibrium must simultaneously be 

satisfied. Thus, despite having low aqueous solubility, the strong sorption tendency 

(Kd=39.0 mL g"') cannot be neglected outright. As shown in Table 7-5, the assumption 

that aqueous dissolution does not contribute significantly to the retention of decane in soil 

systems appears valid, as it contributed no more than 0.3% to the total observed retention. 

The assumption that sorption to the solid phase is negligible did not hold for the higher 

specific surface area porous medium examined here, although sorption certainly did 

represent a secondary source of decane retention. It is quite possible that for the much 

lower surface area media used by Kim et al. (1999b) sorption to the solid phase did. 

indeed, contribute negligibly to decane retention. The necessity of considering solid-
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phase sorption is porous medium-specific, and it should not be inferred from Kim et al. 

that sorption can always be neglected when using decane as an interfacial tracer. The Kq 

of decane in the system of interest must be considered. 

Kim et al. also neglected mention of sorption to the system hardware. In the 

current study, the system hardware correction (Rjs) was measured to be 0.89 and was 

assumed constant for all soil-water content experiments. This Rjs correction represents 

between 6% and 25% of the uncorrected total retardation factor, indicating that the 

correction was important and may significantly affect interpretation of the data. Similar 

to the experimental system used in the current studies. Kim et al. also used a stainless 

steel system. Therefore, it is quite feasible that sorption to the system hardware also 

occurred in their study, and their failure to consider the process may have influenced their 

air-water interfacial area calculations. 

It is also important to compare the current interfacial data to data obtained using 

other gas-phase interfacial tracers and entirely different measurement methods. Several 

other proposed interfacial area measurement methods were described and compared in 

detail in Chapter 2 and only the resultant data will be discussed here. Comparison of 

literature gas-phase interfacial tracer studies showed a positive correlation between the 

maximum measured interfacial area and measured Ni/BET porous medium surface areas 

(see Figure 2-7). Figure 7-14 presents this same data, but also includes the current 

research results. The previously observed positive correlation between interfacial area 

and surface area is maintained, and in fact improved, upon inclusion of the current data. 
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Figure 7-14. Relationship between Maximum Interfacial Areas Measured and 
Measured Porous Medium Surface Area for the Current Research and 
Literature Gas-Phase Interfacial Tracer Studies. 

Note: The linear regressions have been forced through the origin. The 
solid line represents the linear regression for all plotted data, while the 
dotted line excludes the Conklin et al. data point from the regression. 
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However, upon inclusion of the current data, the results reported by Conklin et ai. (1995) 

no longer fit well within the general trend. While the porous medium examined by 

Conklin et al. had the highest surface area, the maximum reported interfacial area is much 

lower than other lower surface area soils. This may be due to the fact that the maximum 

interfacial area reported by Conklin et al. (1995) was obtained at a much higher soil-water 

content (18% 9w) than the remaining data in the graph (<5% 0^). If all the data are 

included in the regression, the correlation coefficient (r^) is 0.592 (solid line), while if the 

Conklin et al. data is excluded, the correlation coefficient increases to 0.925 (dotted line). 

Thus, when large differences in soil-water content are eliminated, there is an excellent 

correlation between gas-phase tracer-measured interfacial areas and measured porous 

medium surface area. 

In order to account for differences in porous media surface area and examine the 

influence of soil-water content on interfacial areas, interfacial areas are normalized by 

surface areas and plotted against soil-water content (Figure 7-15). As discussed in 

Chapter 2. the inverse relationship between normalized interfacial areas and soil-water 

content reported by Conklin et al. (1995) are not consistent with the current 

understanding of interfacial area behavior. However, the results of the current research 

appear to be consistent with the remainder of the literature data. The normalized 

interfacial areas from the current research are observed to fall slightly below other 

literature gas-phase tracer data. This may be due to the fact that the data analysis in the 

current research accounted for additional forms of retention (e.g., solid-phase sorption 
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and soqjtion to the system hardware) that other studies have not considered. Inclusion of 

other forms of retention in the interfacial adsorption term (R,) would lead to artificially 

high interfacial areas. However, it is also likely that differences in the water holding 

behavior of the variety of soils examined contribute to the differences among studies 

presented in Figure 7-15. 

As discussed in Chapter 2, aside from the gas-phase tracer method, the remaining 

methods for measuring interfacial are surfactant-based methods. The surfactant studies 

largely report smooth-sphere calculated porous medium surface areas, rather than 

measured N7BET surface areas. Therefore, in order to compare the current data to 

literature data derived from the surfactant methods, a smooth-sphere surface area must be 

calculated for the Vinton sand used here. The smooth-sphere surface areas (S) are 

calculated according to (Haughey and Beveridge, 1969): 

= (7-15) 
a 

where n refers to the porosity of the packed porous medium system [-] and d is an average 

particle diameter [cm]. Using an average porosity for all experimental packed soil 

columns of 0.377 and an average particle diameter of 0.0234 cm derived from particle-

size distribution data (Young et al., 1997), the smooth-sphere surface area of the Vinton 

sand is calculated to be 160 cm"'. Figure 7-16 compares maximum reported interfacial 

areas versus calculated surface areas for the current research and all literature data for 

which calculated surface areas were available. Open squares in Figure 7-16 represent 

data derived from gas-phase studies, while surfactant-based data are represented by the 
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Figure 7-16. Measured Maximum Interfacial Areas versus Calculated Porous Medium 
Surface Areas for the Current Research and Literature Studies. 

Open squares represent data from gas-phase studies (Conklin et al.. 1995; 
Enright, 1998; Kim et al., 1999b), while filled squares represent data from 
aqueous-phase surfactant studies Kim et al. (1997); Saripalli et al. 
(1997b); Silverstein and Fort (1997); Kim et al. (1998); Anwar et al. 
(2000); Schaefer et al. (2000). 
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filled squares. It was observed in Chapter 2 that gas-phase tracer-derived interfacial areas 

were consistently much higher than surfactant results for similar calculated surface areas 

and was hypothesized to be attributable to differences in the interface-domain 

accessibility of the gas-phase and aqueous-phase tracers. Specifically, it was 

hypothesized that the gas-phase tracers are able to access interfacial area formed by 

adsorbed thin-tllms of water, while advective surfactants may only access a much smaller 

fraction of this interfacial domain, due to the immobile nature of water in these domains. 

This would lead to higher gas-phase tracer interfacial areas if thin-film contributions to 

total interfacial area dominate contributions from pendular rings and filled pores, as put 

forth by Or and Tuller (1999). The current data provides further evidence that interfacial 

areas measured using gas-phase interfacial tracers are generally higher than those 

measured using aqueous-phase methods. 

To examine more carefully the aqueous-surfactant data, it is useful to plot the 

surface area-normalized interfacial area versus soil-water content for the surfactant 

methods (Figure 7-17). Surfactant-based interfacial areas were normalized by calculated 

smooth-sphere surface areas. The filled squares represent the data reported by Schaefer et 

al. (2000) derived using an aqueous-phase surfactant diffusion interfacial area 

measurement method. The remaining aqueous-phase surfactant methods (e.g. aqueous 

tracer, surfactant mass balance, and surfactant-induced water mobilization) rely on 

advection to deliver the surfactant to the air-water interface and are represented by the 

open squares. It is clear that the diffusion method yields higher normalized interfacial 
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Figure 7-17. Comparison of Calculated Surface Area-Normalized Interfacial Areas and 
Soil-Water Content for the Literature Aqueous-Phase Studies. 

Diffusive surfactant data is adapted from Schaefer et al. (2000). Advective 
surfactant data is adapted from Kim et al. (1997), Saripalli et al. (1997b). 
Silverstein and Fort (1997), Kim et al. (1998), and Anwar et al. (2000). 
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areas than the remaining methods. This behavior was discussed in Chapter 2 and 

hypothesized to be due to increased access of the diffiisive surfactant to nonadvective 

interfacial domains relative to advective tracers. Nonadvective interfacial domains would 

include relatively immobile thin water films formed by water adsorption on solid 

surfaces. While the surfactants transported advectively may only access a small fraction 

of the thin-tllm interfacial domain, surfactant molecules may be able to diffuse through 

thin films, accessing and measuring a larger fraction of the air-water interface bounding 

these films. Because it was hypothesized above that interfacial accessibility differences 

also e.xplained the difference between gas-phase and aqueous-phase methods in general, it 

is useful to compare data from gas-phase tracer-, aqueous advective surfactant-, and 

aqueous diffusive surfactant studies. Figure 7-18 shows measured surface area-

normalized interfacial areas versus soil-water content for studies representing all three 

types of interfacial area measurement methods. At the highest soil-water contents, all 

three types of methods appear to be trending toward similar normalized interfacial areas. 

At higher soil-water contents, filled pores and pendular rings are thought to contribute 

significantly to the total air-water interfacial area. Convergence of the three methods may 

indicate relatively equal hydrodynamic access of die gas-phase tracer and surfactant 

molecules to air-water interfaces formed by filled pores and pendular rings. At 

intermediate soil-water contents, however, the differences increase among the three 

methods. This divergence increases significantly at the lowest soil-water contents, where 

the gas-phase methods measure dramatically higher normalized interfacial areas. In this 
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same region, the surfactant difftision method maintains a linear trend in interfacial areas. 

Kim et al. (1997) do not report interfacial areas for the low soil-water content region; 

however, because the Kim et al. data fit well within the larger data set of all advective 

surfactant methods (see Figure 2-17), it can be assumed that the Kim et al. data would 

also maintain a linear trend in the low soil-water contents region. The linearity of the 

surfactant-based methods result in much lower measured interfacial areas for the lowest 

soil-water content region, compared to the gas-phase method. Because thin films are 

expected to contribute most significantly to the formation of air-water interfaces at low 

soil-water contents, it may indicate that the surfactant methods cannot measure the entire 

thin-film interfacial domain. In addition, if the Kim et al. data are extrapolated to the 

low soil-water content region, it appears that the surfactant diffusion method may 

measure a larger fraction of the thin-film interfacial domain than does the surfactant 

advection method, as was discussed previously. In summary, these data suggest the gas-

phase method provides the largest measured interfacial areas, which is consistent with the 

hypothesis that they can access much of the thin-film associated interfacial areas. In 

comparison, the surfactant methods clearly provide smaller interfacial areas, which is 

consistent with the hypothesis that they access a smaller firaction of the total air-water 

interface. 
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8. TRANSPORT AND RETENTION OF TRICHLOROETHENE 
VAPOR IN UNSATURATED SOIL 

Gas-phase miscible displacement experiments were conducted to investigate the 

retention of trichloroethene (TCE) in unsaturated soil systems over a range of soil-water 

contents. Specifically, the contribution of various sources of retention were examined, 

including dissolution into bulk water, sorption to the solid phase, and adsorption at the 

air-water interface (Research Objectives 4 and 5). 

A detailed diagram of the laboratory system was shown in Figure 4-2. The 

methods remain identical to those described in Chapters 6 and 7. Methane was used as 

the conservative tracer. TCE and methane were both used at concentrations of 100 ppmv 

in a balance of nitrogen. The method of comparative moments was used to analyze the 

gas-phase experimental breakthrough curves, as described previously. As before, the 

ratio of the TCE and methane travel times provides the experimental retardation factor: 

=-

(8-1) 

Once the total experimental retardation is measured, the contribution of various retention 

processes to the TCE retardation factor can be determined according to: 

+ (g.:, o y D y c o o v /  

where all symbols have been defined previously. Adsorption at the air-water interface 

has been suggested as contributing to VOC retention in unsaturated soils (see Chapter 2). 
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However, literature studies are consistent regarding the relative importance of this 

retention process. 

To eliminate sorption by the system hardware (e.g., tubing, and column walls) 

trom consideration, a corrected retardation factor is defined as; 

Rf = Rf - Rss (8-3) 

and; 

R-p = 1 + R^ + Rfy + /?/ (8-4) 

Since the retention in the porous medium system is of interest here, the corrected 

retardation factor will be used in the following analysis. For convenience, the corrected 

retardation factor will be referred to throughout simply as the retardation factor, while the 

uncorrected total retardation factor will be explicitly described as such. The percent 

contribution of sorption to the solid phase (Fg), bulk water-dissolution (F^). and 

interfacial accumulation (F,) may be calculated from Equation 8-4 as; 

Fe = 

= 

fr = 

R. 

( R t  ~0 
m 

R 

{ R t - i i  
100 

R, 

( R t - I ) ,  
100 

(8-5) 

(8-6) 

(8-7) 

Another means of evaluating the vapor-phase sorption at a series of soil-water 

contents was presented by Peterson et al. (1988). Peterson et al. lumped all sources of 
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vapor retention into a single lumped vapor sorption coefficient, defined by Ong and Lion 

(1991a) as: 

+ + (8-8) 
K h  K H P Y  CgW 

where 0,, is the soil-water content on a weight basis [-]; p is the density of water [g em" 

"]; y is the aqueous activity coefficient [-]; oi is a lumped parameter that includes retention 

sources other than sorption to the solid phase and aqueous dissolution [g]; is the gas-

phase solute concentration [g-cm"^]; M is the mass of sorbent [g], and all other terms have 

been defined previously. The first term in Equation 8-8 represents aqueous-phase 

sorption to the solid phase in a saturated system; the second represents aqueous 

dissolution of solute vapors; and the third is a lumped term that includes such possible 

sources of solute retention as vapor adsorption on non-hydrated mineral surfaces, 

adsorption at the air-water interface, and condensation of the solute vapor. When w is 

ver\' small or equal to zero in Equation 8-8, solute retention is observed to be governed 

solely by sorption to water-solvated solid surfaces and aqueous dissolution. Ong and 

Lion (1991c) term this soil-water content region the "Henry's law region". Because. 

Henr> "s law pertains strictly to air-water solute partitioning and the Henry's law region, 

as defined by Ong and Lion incorporates solid-phase sorption processes, it is preferable to 

rename this simply the linear region. In other words, in this region, solute retention is 

observed to vary linearly with soil-water content, suggesting that the soil-water is 
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behaving like bulk water. Below the linear region, retention is observed to be a nonlinear 

function of soil-water content. 

An experimental lumped vapor sorption coefficient can be calculated from 

experimental retardation factors, according to: 

K'd={RT-\)— (8-9) 
Pb 

Agreement between the experimental K'd and the predicted linear-region (Equation 8-

8). indicates that the system is being measurably influenced only by aqueous dissolution 

and saturated sorption to the solid phase. Any deviation in the experimental from the 

linear-region K'^ is attributed to the third term in Equation 8-8. 

Breakthrough Curves and Moment Analysis 

Miscible displacement experiments were conducted at nine water contents ranging 

between -2% and ^20% 0^, as discussed previously. The measured specifications and 

flow conditions for each experiment are reported in Table 8-1. E.xperimental 

reproducibility was demonstrated in Chapter 6. Here, a single replicate is shown in 

figures; however, the data included in tables represent the average of all replicates. 

Mass recoveries calculated from the breakthrough curves and known input pulse-

size were 100±2% and are given for methane and TCE in Table 8-2 along with average 

retardation factors. The Rgs correction was found to be 0.09 for TCE and was assumed to 

be constant for all water contents. TCE arrival and elution waves for all water contents 

are shown in Figures 8-1 and 8-2, respectively. A single methane curve is included for 
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Table 8-1. Soil Column Packing Specifications and Flow Conditions. 

Experiment 0T 0w e. Pb PV Q V 

(-) (-) (-) (g-cm-^) (cm^) (PV-min"') (cm-min') 

1 0.351 0.019 0.332 1.720 151.3 0.33 J.JI 
2 0.356 0.026 0.330 1.706 150.5 0.33 3.33 
3 0.348 0.031 0.317 1.727 144.6 0.35 3.47 
4 0.364 0.034 0.330 1.684 150.7 0.33 3.33 
5 0.369 0.052 0.313 1.683 142.5 0.35 3.47 
6 0.391 0.076 0.315 1.615 143.5 0.35 3.49 
7 0.390 0.098 0.287 1.631 130.8 0.38 3.77 
8 0.394 0.136 0.253 1.618 115.4 0.43 4.23 
9 0.397 0.137 0.260 1.597 118.6 0.42 4.23 
10 0.388 0.171 0.217 1.621 99.1 0.50 5.07 
11 0.375 0.199 0.176 1.655 80.4 0.62 6.25 

PV = Column air-filled pore volume; Q = Volumetric flowrate; 
V = average linear velocity. 
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Table 8-2. Methane and TCE Moments Analysis Results. 

Experiment 0W Methane TCE 
% Recovery n % Recovery R't ± stdev n 

1 0.019 101.7 J 99.7 1.699 ±0.023 2 
2 0.026 99.8 2 99.7 1.327 ±0.037 2 
3 0.031 99.9 J 99.4 1.369 ±0.025 J 
4 0.034 100.3 3 99.7 1.248 ±0.002 2 
5 0.052 99.7 2 98.6 1.322 ±0.074 2 
6 0.076 100.2 J 100.0 1.486 ±0.016 J 
9 0.137 100.1 2 99.5 1.923 ±0.020 J 
10 0.171 101.8 4 99.7 2.334 ±0.031 J 
11 0.199 102.2 4 99.4 3.095 ± 0.025 J 
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Figure 8-1. TCE Arrival Breakthrough Curves for All Experiments with Methane 
Curve for Comparison. 
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Figure 8-2. TCE Elution Breakthrough Curves for All Experiments with Methane 
Curve for Comparison. 
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comparison. As sliown more clearly in Figure 8-3, TCE retention is proportional to water 

content, except at water contents less than where an inverse relationship is 

observed. 

Process-Contributions to Total TCE Retention 

Once the total retardation factor is calculated using comparative moments 

analysis, the contributions from the various retention processes can be assessed. There 

are a number of ways to examine the TCE retardation factors in order to quantify process-

contributions. Perhaps the most convincing evidence for an accurate understanding of the 

process-contributions lies in the ability to successfully predict TCE retardation factors 

independent of the TCE experiments. There are several means of doing this. 

Traditionally, predictions of solute retention have considered only aqueous dissolution 

and sorption to the solid phase. Figure 8-4 shows the experimental R-values and values 

predicted using this traditional approach. Although the trends in observed retention 

behavior compare well v^th the predictions at soil-water contents >~3%, the predicted 

values are consistently higher than the total observed TCE retention. At soil-water 

contents below about 3.5%, TCE retention increases with decreasing water content. This 

inverse relationship between TCE retention and soil-water content is not represented by 

the predictions. Although there is some uncertaintj- associated with the equilibrium 

partition coefficients used in the predictions (e.g., K^, K^), the discrepancy between the 

experimental data and the predictions is too large to be accounted for by this alone. 
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Figure 8-3. TCE Retardation Factor as a Function of Soil-Water Content. 
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Figure 8-4. Comparison of Experimental TCE Retardation Factors and "Traditional" 
Predictions Based on Aqueous Dissolution and Sorption to Solid Surfaces 
as the Sole Retention Processes. 
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Another prediction can be performed using the tracer data presented in Chapter 7. 

The DFM analysis revealed that the effective soil-water content was approximately half 

the gravimetrically measured soil-water content. As discussed in Chapter 7. the exact 

cause for the low effective soil-water content relative to the gravimetrically measured 

value is not known nor can be elucidated by the current study. However, it is reasonable 

to assume the constrained water-retention behavior observed for DFM would also be 

experienced by TCE. Using this assumption. TCE retardation factors can be predicted 

using the DFM-derived soil-water content in the retardation equation, rather than the 

gravimetrically-measured value, as used in the "traditional" prediction above. When this 

is done, the prediction improves significantly, as shown in Figure 8-5. The DFM-based 

prediction overlaps the experimental data, except at the three lowest soil-water contents 

(Experiments 1-3). This suggests that the assumption that DFM and TCE experience 

similar effective soil-water contents may be quite reasonable. The sharp increase in TCE 

retention observed for Experiments 1-3 (0^=1.9, 2.6, and 3.1%). is not captured by the 

prediction based on retention by soil-water and adsorption by the solid phase. This 

represents the water content region where interfacial areas are greatest and may serve as a 

significant TCE retention source. 
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DFM- and Decane-Based Prediction 
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Figure 8-5. Comparison of Experimental TCE Retardation Factors with Traditional-
and Reactive Tracer-Based Predictions. 
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Predictions may also incorporate information gained from analysis of the 

interfacial tracer data. As discussed in Chapter 7, interfacial area values can be calculated 

using Equation 7-8. Figure 8-5 shows the TCE retardation factor predictions based on 

both DFM soil-water content and decane interfacial area data. Use of interfacial data is 

observ ed to significantly improve prediction of TCE retardation factors at low soil-water 

contents. 

Despite capturing the trend in increased TCE retardation factors, the predicted 

magnitude of TCE retardation is greater than experimentally observed. The prediction 

agrees with the e.xperimental data at high soil-water contents, where interfacial adsorption 

contributes negligibly to TCE retention and sorption to the solid phase and aqueous 

dissolution contribute most significantly. However, as interfacial adsorption increases in 

importance as a TCE retention source, the prediction and experimental data show 

increased disagreement. This indicates that the and Rj terms, calculated using 

physicochemical constants and DFM data appear valid, while the TCE R, term calculated 

from decane data is the likely source of the discrepancy. 

Sources of error in the calculated TCE R, term include overestimated specific air-

water interfacial areas produced either by using a decane interfacial adsorption constant 

(Kja) that is too low or TCE K[a that is too high in Equation 8-8. More confidence is 

placed in the TCE Ki^ than in the decane value, because two dramatically different 

techniques (i.e., gas chromatography (Hoff et al., 1993b) and flow-through vapor 

adsorption and drop shape analysis-profile (Bruant and Conklin, 2001) yielded TCE 
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values within 3% of each other. The decane value has only been reported by Hoff et al. 

(1993b) using the former technique and has not been confirmed elsewhere. 

An optimization of the decane K[a was performed, to evaluate whether error in 

that value could produce the observed disagreement between the prediction and the 

e.xperimental data. The optimization was performed by minimizing the sum of the 

squares of the residuals of experimental and predicted TCE R, terms. This global 

optimization resulted in a single decane value that yielded the overall bestfit for all 

experiments. The experimental TCE R, value was obtained by solving for R, in Equation 

8-4. using a DFM-derived soil-water content. The predicted TCE R, terms were 

calculated according to the following: 

The decane K,,^ obtained by the optimization procedure was 6.19-10"* cm. in contrast to 

the reported value of 2.23-10"' cm. an error of 178%. The results of the decane 

optimization are compared to the previous tracer-based prediction and experimental TCE 

data in Figure 8-6. The e.xcellent match between the Ki^-optimized calculations and the 

experimental lend support for the theory that error in the calculated TCE R, term caused 

the previous discrepancy. It should be noted that while the decane K,^ was optimized 

here, an optimization of the TCE would result in similar improvement of the TCE 

retardation factor calculations. The current analysis cannot distinguish between the two 

possibilities; however, as discussed above, the TCE value has more support in the 

D L 
pTCE Ki = — 

Decane y TCE 
I ^lA 

(8-10) 
decane 
lA 
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DFM- and Decane-Based Prediction 2.5 
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Figure 8-6. Comparison of K^-Optimized Calculation, DFM-Decane Prediction, and 
E.xperimental TCE Retardation Factors. 
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literature. On the contrary, optimization of any other single variable would not affect the 

same improvement, as shown in Figure 8-7 for decane Kp, K„, and Rjs optimization. 

Optimization of these variables results in marginal, if any, improvement in the 

calculation, and certainly to improve the calculations in the low soil-water content region. 

Using the DFM-derived soil-water contents, contributions from sorption to the 

solid phase (Rs.Fs), dissolution into bulk soil-water (Rw^F^^), and adsorption at the air-

water interface (R|,F|) can be calculated. These values are calculated using the DFM- and 

optimized decane data, as this was shown to most accurately explain the observed TCE 

retention. The absolute process-contributions to TCE retention are shown in Figure 8-8. 

while the relative contributions are shown in Figure 8-9. The absolute contribution of 

sorption to solid surfaces is relatively uniform across soil-water contents. On the 

contrary, the contributions from aqueous dissolution and interfacial adsorption are 

strongly dependent on soil-water content. At high soil-water contents, aqueous 

dissolution dominates all other forms of TCE retention, while the same can be said of 

interfacial adsorption at the lowest soil-water contents. At intermediate soil-water 

contents, all forms of retention contribute significantly to the observed retardation factor. 

Lumped K'^ Analysis 

.An experimental lumped vapor sorption coefficient can be calculated using 

Equation 8-9 and compared to the linear-region lumped coefficient (Equation 8-8 with 

co=0 and p and y=l), as shown in Figure 8-10. The thickness of the water coating on 

mineral grains is expressed as molecular monolayers, calculated using Nitrogen/BET 
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Experimental Data 
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DFM- and Decane-Based Prediction 
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• Optimized Kd 
• Optimized Kh 
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Soil-Water Content 
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Figure 8-7. Comparison of Optimization Results for Different Variables with the 
DFM-Decane Prediction and Experimental TCE Data. 
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Figure 8-8. Process-Contributions to TCE Retardation Factor, based on DFM-Derived 
Soil-Water Contents and Optimized Interfacial Area Estimates. 
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Figure 8-9. Percent Process-Contributions to TCE Retardation Factors, based on 
DFM-Derived Soil-Water Contents and Optimized Interfacial Area 
Estimates. 
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Figure 8-10. Comparison of Experimental. Linear, and DFM-Based Linear Region 
Lumped Vapor Sorption Coefficients (K'^) as a Function of Molecular 
Water Film Thickness. 
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surface areas and the area of a water molecule at the surface assumed to be 10.810''° 

m" mlc '. as outlined by Ong and Lion (1991a). Figure 8-10 shows the theoretical linear 

K'd (solid line) calculated using gravimetrically measured soil-water contents and using 

DFM-based soil-water contents (dashed line), discussed above. The "linear"' prediction 

assumes that sorption to the solid phase and aqueous dissolution are the sole processes 

influencing solute retention. As before, use of the water-partitioning tracer data 

significantly improves the agreement between the experimental data and theory, and will 

be used in the following analysis. 

The experimental system is observed to match the linear at monolayer 

coverages greater than 63. Between soil coating thicknesses of 27 and 63 monolayers, 

corresponding to soil-water contents of 3% and 7.5%, the experimental data falls below 

the linear K'^, if only slightly, while below 27 monolayers, the experimental K'd e.xceeds 

predictions. The cutoff for applicability of the linear region predictions (e.g., 63 

monolayers) is significantly higher than reported by Ong and Lion (1991c) and Petersen 

et al. (1995) for a variety of porous media examined, including a variety of textures and 

soil-organic matter contents. They found that at an approximate soil-water coating of 4-

5 monolayers, experimental K.'d values for TCE matched linear predictions for most 

porous media. In general, they also did not observe K'^ values below the linear 

predictions, such as were observed here. However, for the porous mediiun most similar 

to that used here, an aquifer material with low soil-organic matter and specific siu*face 

area, they did, in fact, observe both much thicker water coatings necessary for linearity 
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and experimental K 'q values below the linear predictions. In fact, at the highest soil-

water content reported, corresponding to a coating of -32 monolayers on the aquifer 

material, the experimental K'd values still fell below the linear predictions. These 

monolayer thicknesses are consistent with those reported here. However, because such 

behavior was not observed for the other porous media examined by Petersen et al. at any 

water coating thickness, they attributed the observation to possible error in measurement 

of the saturated-phase sorption coefficient for TCE on the aquifer material. They justified 

the error on the grounds that the equilibrium partitioning in close system (EPICS) batch 

method used to measure saturated-phase sorption coefficients does not work well for very 

low sorption coefficients, as measured for the aquifer material. That this behavior has 

been observed here, in a similar system, for which such error in the sorption coefficient is 

not expected, suggests that the observed behavior may. indeed, be real. 

•A possible cause for less retention occurring than represented by the linear 

predictions is ordering of the water molecules close to the mineral surface, referred to by 

Ong and Lion (1991c) as a "salting out" process. Note that, although the effects on the 

ordering of water molecules are similar, the cause of salting out discussed here should not 

be confused with the reduction in apparent aqueous solubility of organic compounds due 

to high solution ionic strength. Ordering of the water molecules, due to surface 

interactions, may hinder solvation of the solute and preclude the solvating water 

molecules from being considered as bulk soil-water. In effect, such nonideal solution 
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properties may negate either one or both of the assumptions used in Equation 8-8 of water 

density and activity coefficient being equal to one. 

A surface-induced salting out process would be dependent on the energetics of the 

specific porous medium surfaces and may help explain why die process was not observed 

for other porous media examined. However, it is also possible that salting out did occur 

for the other porous media systems, but that other processes obscured observation of the 

process. Specifically, it is possible that the high specific surface area (11-189 m' g ') and 

surface reactivity, due to clay mineral and oxide compositions of the other porous media, 

caused adsorption at the air-water interface and/or surface-mediated sorption to 

overwhelm any decrease in sorption caused by salting out effects. Surface-mediated 

sorption refers to the process by which solutes sorb to a thin water coating on mineral 

grains. The water film is not thick enough to exhibit properties of a bulk water surface, 

as the underlying mineral surface still influences solute adsorption. Thus surface-

mediated sorption results in adsorption in excess of that observed at a bulk water surface 

{i.e.. an air-water interface). The processes of surface-mediated- and interfacial-

adsorption are processes cited by Ong and Lion as causing experimental K'q values to 

exceed the linear prediction, as observed for all porous media at the lowest soil-water 

contents. However, these processes would be much less important in low surface area 

silica sand systems (e.g., aquifer materials) and perhaps be small enough to allow salting 

out effects to be observed. 
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Ong and Lion (1991c) proposed a three-region theory of vapor sorption behavior, 

based on number of water monolayers. The theory consisted of the following regions and 

the retention processes governing retention in that region: 

0-1 Monolayer; Direct vapor-phase sorption of the solute (TCE) to the 
(unsolvated) mineral surface. 

1 -5 Monolayers: Surface-mediated sorption, adsorption at the air-water 
interface, and to a lesser extent, aqueous-phase dissolution. 

5+ Monolayers: Aqueous-phase sorption to the solid surfaces and 
aqueous-phase dissolution (The Linear Region). 

The basic outline and sequence of regions is supported by the current research and 

are likely to be generally applicable to organic vapor retention in porous media. On the 

contrary, the use of specific water coating thicknesses as delineation between regions 

(except for the 0-1 Monolayer region) are considered to be specific to the solute-porous 

medium system and not generally applicable. Furthermore, the current data suggest that 

air-water interfacial adsorption may be important within the 5+ monolayer region. This 

indicates that the proposed cutoff at 4-5 monolayers for the applicability of the linear 

prediction may not hold for all porous media. Specifically, the number of monolayers 

required for linearity appears to be larger for the aquifer material examined by Petersen et 

al. (1995) (32+ monolayers) and the fine sand examined here (63 monolayers), although 

it is not immediately clear why this is the case. 

Technically, the minimum monolayer coverage studied in the current research of 

14 would place the experiments solely within the third retention region. However, it is 

more likely the experiments fall within both the second and third vapor retention regions. 

Specifically, the significant role played by interfacial adsorption in the lower soil-water 
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content experiments, classifies the soil-column as within the second region. It is unlikely 

that surface-mediated sorption played measurable role in the soil-columns studies. If it 

had, the experimental TCE retardation factors would have exceeded the values predicted 

in Figure 8-6. This was not observed. It is possible that retention-limiting process of 

salting out may have counterbalanced enhanced retention caused by surface-mediated 

sorption. The current data do not support or negate such a theory, and further study 

would be required to differentiate between such processes. 
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9. CONCLUSIONS 

The experimental data presented in Chapter 6 indicate that both mechanical 

mixing and diffusion contribute significantly to reactive and nonreactive gas-phase 

transport in unsaturated soils. The relative contribution of individual dispersion 

processes for methane, DFM, and TCE were governed largely by the differences in their 

diffusion coefficients, while changes in gas-phase tortuosity and linear velocity due to 

soil-water content changes represented secondary effects. However, the overall 

magnitude of dispersion, as represented by the Peclet number or total dispersion 

coefficient, was observed to be largely dependent on the gas-phase linear velocity. 

The experimental data presented indicate that soil-water content alone does not 

dramatically influence gas-phase transport in unsaturated soil systems. However, solute 

reactivity, such as dissolution into the bulk water and sorption to the solid phase, coupled 

with high soil-water contents appears to cause a significant increase in observed 

dispersion. At soil-water contents of 17% and 20%. the highest soil-water contents 

examined here, it is likely that nonequilibrium partitioning behavior became an important 

factor controlling DFM and TCE transport, resulting in a large discrepancy between 

calculated methane and DFM dispersivities. In high soil-water content systems, solute 

dispersion is observed to be correlated to low aqueous diffusion coefficients and high 

aqueous solubilities. 

To the author's knowledge, gas-phase dispersivity values have not been reported 

over a wide-range of soil-water contents, such as are reported here. These results indicate 
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that within a given "equilibrium" range, dispersivities measured at one soil-water content 

may accurately represent the same soil system at other soil-water content conditions. 

In Chapter 7. difluoromethane was shown to hold promise as a reactive tracer for 

the in-situ measurement of soil-water content, as there was shown to be a linear 

relationship between DFM-estimated and measured soil-water contents. Due to the low 

DFM retardation factors at lower soil-water contents, it is believed that DFM would serve 

as an effective tracer at soil-water contents greater than about 3%. At present, direct 

correlation of DFM retardation factors and soil-water content requires knowledge of the 

efficiency of the method. Although soil-water content has been shown to have minimal 

effect on the efficiency, it is not clear what influences the efficiency and further studies 

are required in this area. Once laboratory-scale studies have clarified what processes or 

experimental conditions control the method efficiency, it would remain to examine such 

issues at the field scale. Without knowledge of method efficiencies, the current method 

can only be used in a comparative maimer to detect changes in soil-water content. For 

example, the current method could be used to monitor the influence of changes in soil-

vapor extraction operating conditions (e.g., flowrate. temperature, and relative humidity) 

on soil-water content. Such information would be useftil, because retention processes for 

a given contaminant are largely controlled by soil-water content. 

Heptane was shown here to exhibit behavior inappropriate for use as an interfacial 

tracer. Low retardation factor values at higher soil-water contents, limit the use of 

heptane to soil-water contents below about 2.5%, drier than most natural soils. 

Furthermore, heptane retention is observed to be significantly influenced by several 
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processes, including sorption to the solid phase, aqueous dissolution, and accumulation at 

the air-water interface. These complications do not represent properties of an ideal 

tracer. 

Relatively ideal interfacial tracer properties were exhibited by decane. In excess 

of 90% of the decane retardation factor was contributed by adsorption at the air-water 

interface, rendering other forms of retention entirely secondary. Decane retardation 

factors were in an appropriate range for soil-water contents greater than -2.5%. At lower 

soil-water contents, the magnitude of retention became too large, unreasonably increasing 

experimental times and decreasing the experimental reproducibility. Specific air-water 

interfacial areas estimated from decane retention data appear to be reasonable, based on 

comparison with the measured N2/BET specific surface area of the Vinton sand and 

literature data. For a more complete evaluation of the current data, it remains for further 

experimental and modeling studies to be performed. For example. Chapter 2 describes in 

detail several other methods for estimating interfacial areas, where it was showTi that the 

gas-phase tracer may yield estimates higher than those given by other methods. The 

results presented here are consistent with the hypothesis that other interfacial 

measurement methods, which rely upon use of surfactants, may underestimate interfacial 

areas due to limited hydrodynamic access to thin film-associated interfaces. 

Chapter 8 showed the retention of TCE vapor in unsaturated soil systems to be 

influenced by several processes, including sorption to the solid surfaces, dissolution into 

bulk soil-water, and adsorption at the air-water interface. The predicted TCE retardation 

is overestimated when using a retardation equation wherein soil-water content value is 
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based on gravimetric measurements. Use of an effective soil-water content derived from 

DFM water-partitioning tracer data in the retardation equation, rather than using the 

gravimetrically-measured value was observed to bring the predictions into agreement 

with the measured TCE data. Use of a water-partitioning tracer to derive effective soil-

water contents relevant to transport of contaminant vapors and gases is based on the 

assumption that they are transported similarly in the same physical system. This 

assumption appears to have been reasonable for the DFM/TCE tracer/contaminant 

system, as this assumption brought TCE retardation factor predictions into agreement 

with experimental values in the soil-water content region where aqueous dissolution 

represents the dominant retention process. Whether this assumption will hold for other 

tracer/contaminant combinations is not clear and was not examined here. Depending on 

the processes (e.g.. kinetics) governing the tracer efficiency, and hence effective soil-

water contents, more dissimilar U-acer/contaminant pairs may not be U^ansported similarly 

enough to validate this assumption. 

The use of interfacial tracer data was observed to improve agreement between 

predicted and experimental TCE retardation factors in soil-water content regions where 

interfacial adsorption contributed significantly to TCE retention. Interfacial processes 

were shown to influence TCE retention most significantly at soil-water contents less than 

5%. Therefore, interfacial adsorption will be most important to consider in very dry 

systems, such as in arid climates and the within the top centimeters of soil. In such 

situations, interfacial adsorption may significantly influence the rate and extent of gas-

phase spreading of contaminant plimies, as well as volatilization rates to the atmosphere. 
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The use of tracer data allowed the contributions of the various TCE retention 

processes to be evaluated more fully. It was shown here that the absolute magnitude of 

retention due to interfacial adsorption and aqueous dissolution is strongly dependent on 

soil-water content, while the magnitude of retention due to sorption on solid surfaces is 

relatively independent of soil-water content. Literature reports have differed on the role 

that interfacial adsorption plays in VOC transport 

To the authors knowledge, this is the first report where the contribution of 

interfacial adsorption has been explicitly accounted for and used to make relatively 

successfully predictions regarding the retention of TCE over a large range of soil-water 

contents. Optimization of the decane interfacial partition constant was required for the 

best fit to the experimental data; therefore, re-measurement of the decane Kia value by a 

sophisticated, reliable method, such as was developed by Bruant and Conklin (2001) 

represents a desirable check on the current data analysis. 

The current lack of well-tested, validated models describing air-water interfacial 

areas for a variety of porous media at a range of soil-water contents was described in 

detail in Chapter 2. The current interfacial area research provides a dataset against which 

to test proposed models. Future modeling and experimental work in this area would 

benefit several areas of environmental science. For example, the relatively high flowrates 

of ambient air often used in soil vapor extraction systems may serve to dry a natural 

vadose zone system to a soil-water content where interfacial effects become increasingly 

important. The importance of air-water interfacial areas has been demonstrated for a 


