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ABSTRACT

This dissertation examines three different aspects of groundwater

contamination by immiscible liquids, both at laboratory and field scale. The first

component incorporates a study of denser than water immiscible-liquid

dissolution at the laboratory scale that aims to describe the effects of immiscible-

liquid source-zone saturation, distribution, and length on dissolution rates. It was

observed that overall immiscible-liquid saturation, distribution, and source zone

length did not influence initial dissolution rates under the condition of the

experiments. However, transient phase dissolution behavior, primarily observed

by the heterogeneously packed columns, was significantly different to that of the

homogeneously packed columns. This indicates that initial dissolution rates are

comparable for these different systems, however it is demonstrated that

immiscible liquid distributions (e.g., heterogeneity) can significantly effect

transient dissolution rates. The second component investigates the effectiveness

of a field-scale partitioning tracer test (PTT) for the measurement of the amount

of denser than water immiscible liquid in the subsurface. It was demonstrated

that the effectiveness of partitioning tracer test may be significantly limited by

factors contributing to nonideal transport such as sorption, tracer mass, and

immiscible liquid distribution. The third component examines the effectiveness of

a field-scale remediation technology for the enhanced removal of denser than

water immiscible liquid in the subsurface. An important component of this project

was the implementation of reagent recovery and reuse, which improved the
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efficiency of the technology. It was demonstrated that the effectiveness of

enhanced solubilization technologies for groundwater remediation may be

significantly limited by the distribution of immiscible liquid in the subsurface.

However, the nature of cyclodextrin (enhanced-solubilization agent) makes it an

attractive option for subsurface remediation of immiscible-liquid contaminants,

especially for situations where mobilization is undesirable and where the use of

higher-toxicity agents is not possible.
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CHAPTER 1. INTRODUCTION

Statement of Problem

Soil and groundwater contamination by hazardous organic chemicals is a

significant problem and poses serious risks to human health and the

environment. The demand for clean water supplies has increased in recent

years. In this respect, the availability and quality of future and present water

supplies has become an issue of increasing importance and concern. The

increasing demand for clean water supplies related to human, industrial, and

agricultural consumption has been and will continue to be a pervasive and

widespread problem. The importance of preventing future toxic chemical

releases as well as cleaning up existing contamination has proven to be a

challenging and intensive undertaking. Protection of groundwater and drinking

water supplies, as well as the restoration of polluted aquifers, is essential for the

safety of public health and the environment.

Immiscible phase liquids pose serious risk to groundwater resources.

Immiscible phase organic liquids are known to be a serious groundwater pollution

problem (Mercer and Cohen, 1990; NRC 1994). Throughout the work presented

in this dissertation, immiscible liquid is defined as any liquid that is not miscible or

does not mix readily in water. Researchers investigating the effects of immiscible

liquids on groundwater contamination, term immiscible liquids as nonaqueous

phase liquids (NAPLs). In the definition presented here, these two terms

(immiscible liquid and NAPL) are synonymous and should be treated as such
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throughout this entire document. Groundwater contamination from these types of

chemicals is widespread and has continued to be a pervasive problem for

several decades. Immiscible-liquid contamination is associated with numerous

hazardous waste sites (Mercer and Cohen, 1990). Examples of immiscible-liquid

contaminants include solvents, fuels, pesticides, and coal tars. These types of

contaminants are common to many sites with existing groundwater

contamination. These types of contaminants are often persistent in the

environment and conventional remediation efforts have been ineffective due to

characteristics such as low aqueous solubilities typically associated with these

chemicals. Immiscible-phase liquids present long term sources for ground water

contamination and have been identified as the single most important factor

limiting site cleanup for organic-contaminated sites (NRC, 1994). When these

organic chemicals are released to the environment, they tend to migrate

downward due to buoyancy and gravitational forces. These immiscible-liquid

contaminants can migrate through the vadose zone and eventually reach the

water table. Immiscible liquids can migrate through the subsurface to form very

complex heterogeneous distributions and may become trapped as variable

saturations or in localized "pools". In the work detailed in this dissertation

"residual saturation" is used to describe any variable immiscible-liquid saturation

that cannot be mobilized under typical groundwater gradients and under much

greater induced gradients associated with remediation efforts. Immiscible liquids
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will exhibit significantly different transport behavior depending on the density of

the contaminant.

Light immiscible phase liquids are immiscible liquids that are less dense

than water and tend to float on the water table and capillary fringe region. In

cases where the elevation of the water table fluctuates, light immiscible-phase

liquids may spread throughout portions of the saturated zone. Immiscible liquid

is trapped in subsurface pores as the water table and buoyant light immiscible-

phase liquids proceed to a lower elevation. When the water table returns to a

higher elevation, the trapped light immiscible-phase liquid remains at residual

saturation in the resulting saturated zone. Subsurface zones containing light

immiscible-phase liquid trapped in this manner are often referred to as

"contaminant smear zones". These zones of smeared residual saturation

become sources for long-term contamination to the groundwater.

Dense immiscible phase liquids have a density greater than that of water

and will tend to migrate downward under buoyancy and gravity forces. Dense

immiscible-phase liquids can continue to migrate downward through the

saturated zone, displacing water where it can distribute as residual saturation or

pool above capillary barriers such as clay layers or air-water interfaces (i.e. water

table).

Removing immiscible liquid from the subsurface presents a major

challenge because this contamination often exists as low saturations, which

prove difficult to remove by mobilization under both typical and relatively high
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groundwater gradients. For this reason the primary means of removal will occur

by immiscible-liquid dissolution. "During migration, a significant portion of

immiscible liquid is retained in porous media, thereby depleting and eventually

exhausting the mobile immiscible-liquid body. Below the water table, immiscible-

liquid saturation (S r) is the saturation (Vimmiscibie-iiquidNvoids) at which immiscible

liquid is immobilized (trapped) by capillary forces as discontinuous ganglia under

ambient groundwater flow conditions (Cohen and Mercer, 1993)". Commonly,

researchers investigating immiscible-liquid dissolution, define residual

immiscible-phase liquid saturation as a saturation that is trapped within the pore

structure and cannot easily be removed (mobilized) by typical groundwater

gradients and usually even much greater induced gradients associated with

remediation efforts. As a result, "residual saturation" discussed in this dissertation

only relates to immiscible-liquid saturation that is trapped within the pores and

thus not able to be mobilized at typical or even induced groundwater gradients.

"Residual saturation results from capillary forces and depends on several factors

including (1) the media pore size distribution, (2) wettability, (3) fluid viscosity, (4)

interfacial tension, (5) gravity/buoyancy forces, and (6) hydraulic gradients

(Cohen and Mercer, 1993)". Under residual saturation conditions, these

contaminants cannot be easily displaced by typical groundwater gradients. Thus,

the removal or depletion of the residual immiscible-phase liquid will occur from

the relatively slow dissolution process into the water (aqueous) phase. This

dissolution process is influenced by many factors that may constrain dissolution,
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which further increases the time for mass transfer from the immiscible-liquid

phase to the aqueous phase. Clearly this will also increase the time for cleanup

and overall remediation of a contamination site. Another difficulty challenging

dense immiscible-liquid cleanup is the fact that these contaminants will migrate

downward in the subsurface making it nearly impossible to locate any distinct

zones of contamination. As the dense immiscible liquid migrates downward,

depending on the heterogeneity of the porous medium, the dense immiscible

liquid can preferentially separate or follow tortuous flow paths forming ganglia,

blobs, and stringers.

Laboratory studies are an important step to understanding the factors

controlling immiscible-liquid dissolution. Numerous column-scale studies have

been conducted in the laboratory investigating the processes that control

immiscible-liquid dissolution (Imhoff et al., 1994; Powers et al., 1992; 1994;

Geller and Hunt, 1993; Hunt et al., 1988). Powers et al. (1994) developed a

correlation to describe single-component immiscible-liquid dissolution that

incorporates porous-medium texture and interstitial fluid velocity. Although many

1-D column experiments have been conducted using a variety of immiscible

liquids, there have not been many experiments which involve up-scaling to a 2-D

flow system. Only a few studies investigating residual saturation immiscible-

liquid dissolution in 2-D flow cells have been performed (Brusseau et al., 2002;

Nambi and Powers, 2000; Saba and Illangasekare, 2000). Similarly, there have

not been many studies investigating 1-D immiscible-liquid dissolution mass-
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transfer dynamics at different length scales. Most researchers agree that

understanding immiscible-liquid dissolution at larger scales is essential to

effectively remediate immiscible-liquid contamination at the field scale. To gain a

thorough understanding of immiscible-liquid dissolution at the larger field scales,

we must first fully understand the processes affecting immiscible-liquid

dissolution at smaller scales. Laboratory column-scale experiments investigating

immiscible-liquid dissolution at different length scales and up-scaling to 2-D flow

experiments are an important intermediate step to completely understanding the

processes controlling immiscible-liquid dissolution.

Remediation efforts of immiscible-liquid contamination have been limited

by conventional pump and treat technologies. Immiscible-liquid mass removal is

dependent on the slow dissolution process into the aqueous phase. For this

reason conventional pump and treat methods prove to be ineffective for reducing

contaminant target levels deemed safe for public health which is set by the

U.S.E.P.A. In recent years researchers have focused their interests in alternative

remediation technologies. Many of these technologies attempt to treat the

immiscible-liquid source zones or enhance the solubility of the contaminant.

Enhanced in situ flushing is an innovative remediation technique that is currently

attracting a great deal of attention. With this technique, the apparent solubility of

organic contaminants is increased by the addition of a solubility-enhancement

agent to the flushing fluid. Cosolvents (such as alcohols), and surfactants are
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examples of reagents that have proposed for this purpose (Palmer and Fish,

1992).

Many laboratory studies have been conducted to investigate the effects of

using enhanced-solubilization agents (i.e. cosolvents and surfactants) to increase

the efficiency of removing contaminant mass from the system. However, most

researchers agree that pilot-field scale experiments using enhanced-

solubilization agents are needed to gain a better understanding of the dynamics

associated with these more complex systems as well as to quantify the

effectiveness of mass removal at these larger scales. Thus, many researchers

agree that scientific research in environmental restoration should include pilot-

scale field experiments to gain information necessary to design and conduct

successful full-scale remediations (West 1995; Sabatini et al., 1996; Gierke and

Powers, 1997; Fountain, 1997).

Objectives

The specific, primary objectives of this research are to:

1. Investigate the effects of immiscible-liquid source-zone saturation,

distribution, and length on dissolution and whether this can be up-scaled to

more complex systems for predicting contaminant transport in porous media

through a series of laboratory experiments.

2. Investigate the effects of heterogeneous immiscible-liquid distributions on

dissolution through a series of laboratory experiments.
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3. To investigate the use and effectiveness of partitioning tracer method at the

field-scale to determine the amount of immiscible liquid in the subsurface.

4. Determine if hydroxypropy1-6-cyclodextrin, a solubility-enhancement agent

can be effective at removing a dense immiscible-liquid from a previously

uncontaminated site.

5. Compare the effectiveness of cyclodextrin flushing with pump-and-treat

remediation, the traditional method for groundwater remediation, during a

pilot-scale field test.

6. To evaluate the effectiveness of using cyclodextrin in a recycling (reagent

recovery and reuse) scheme, an important component of any field-scale

remediation operation.

Finally, these studies will contribute to the development of an innovative

technology, enhanced-solubilization flushing, to improve overall performance and

cost-effectiveness for the remediation of immiscible liquid at the field scale. By

understanding the influence of immiscible-liquid distribution on dissolution rates

at the laboratory scale the research conducted can improve the prediction of

contaminant fate and transport under increasingly complex systems. The results

from the field-scale experiment implementing the recovery and re-use of

cyclodextrin, an enhanced-solubility agent, will be useful for the determination of

remediation feasibility and effectiveness. Thus, the work presented in this

dissertation brings some insides to issues related to contamination of

groundwater by immiscible liquids.
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Overview of Chapters

Chapter 2 contains the background and literature review related to the

breadth of the work discussed in the later chapters. This chapter primarily

focuses on immiscible phase liquid contamination and transport processes, the

application and use of the partitioning tracer test to characterize immiscible-liquid

occurrence, quantity, and distribution in the subsurface, and provides a detailed

review of cyclodextrin and the research applications which implement the use of

cyclodextrin as a solubility-enhancement agent for the remediation of immiscible

liquid at the field-scale. Chapter 3 contains the work investigating the

relationship of immiscible-liquid saturation (magnitude), immiscible-liquid

distribution, and immiscible-liquid source-zone length on rates of dissolution.

Chapter 4 contains the work comparing the effectiveness of the partition tracer

method to predict the amount of immiscible liquid in the subsurface when the

immiscible-liquid quantity is known at the field-scale. Chapter 5 contains the

work investigating whether cyclodextrin, an enhanced-solubilization agent, can

be recycled effectively using an in-line configuration, increasing the cost-

effectiveness of the CSF technology. Chapter 6 contains the overall conclusions

incorporating the breadth of work presented in this dissertation into an integrated

focussed compilation.
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

Background

General

Soil and groundwater contamination by hazardous organic chemicals has

become an increasing problem globally and poses serious risks to human health

and the environment. With the increase in human population the demand for

groundwater supplies will become increasingly important. Contamination of our

groundwater supplies will affect not only the amount available for human

consumption but also pose serious risks to human health. Chemicals released

into the environment can enter groundwater by many pathways. These

pathways can include point sources such as spills from land surface (e.g. storage

tanks, transportation), leaking underground storage tanks (UST's), and

downward migration of chemicals from disposal pits. Non-point sources such as

agricultural chemical applications and air pollution associated with industrial

processing can also lead to groundwater contamination. The U.S.E.P.A.

estimates that degreasing operations in 1974 (Mercer and Cohen, 1990)

produced approximately 310,200 metric tons of waste solvents alone. As of

1997, there were between 300,000 and 400,000 identified leaky underground

storage tanks in the United States (Dillard and Blunt, 2000; NRC, 1997). There

are over two million gasoline underground storage tanks in the U.S., with 90,000

confirmed releases occurring between 1989 and 1990 (U.S.E.P.A., 1990). It is

estimated that of the greater than 2 million underground storage tanks 10-30% of
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these are leaking (U.S.E.P.A., 1990). One gallon of gasoline can render a million

gallons of water unsuitable for consumption (Connor, 1988). Gas works were

cited as the largest source of ground-water contamination in 100 sites surveyed

in The Netherlands (Zoetman, 1985).

Many of these types of contaminants exist as immiscible phase liquids

within the subsurface and serve as long term sources for soil and groundwater

contamination. Examples of immiscible liquids include solvents, hydrocarbon

fuels, pesticides, coal tars and other immiscible organic liquids. The presence of

immiscible phase liquids is considered the single most important factor limiting

site remediation (NRC, 1994). Immiscible-liquid source zones are often difficult

to locate, presenting a huge challenge in remediation. Slow dissolution kinetics

increase cleanup times and limits the effectiveness of conventional remediation

technologies. Traditional methods such as pump-and-treat can only remove a

portion of the original immiscible liquid in a reasonable clean-up time. A

discontinuous fraction remains, in the form of single-pore blobs or multipore

ganglia, which serves as a long-term source of contamination as it dissolves into

the aqueous phase (Dillard and Blunt, 2000; Mercer and Cohen, 1990; Schwille,

1988). Therefore, large amounts of water must be flushed through the

subsurface to remove the contaminant mass, even under equilibrium mass

transfer between the immiscible liquid and the aqueous phases. However,

immiscible-liquid dissolution is often rate-limited and mass removal can occur

much more slowly than expected under equilibrium dissolution conditions.
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Remediation of immiscible-liquid contamination using pump-and-treat

technology has been demonstrated to be ineffective for reasons discussed

above, however, about 93% of all Superfund ground-water remediations are

conducted using pump and treat (Begley, 1997). Due to the limitations

associated with pump-and-treat remediation, methods for removal of subsurface

immiscible-liquid contamination are a focus of current research (NRC, 1994;

Palmer and Fish, 1992; Brusseau et al., 1999). A prospective innovative

technology, which utilizes chemical reagents to increase the solubility of

contaminants in groundwater, has proven to be an attractive alternative to

traditional pump-and-treat technology. In this technique, dissolution of

immiscible liquid into the aqueous phase is enhanced by the addition of a

solubility-enhancement agent to the flushing fluid. Cosolvents (e.g., alcohols)

and surfactants are examples of reagents that have been proposed for this

purpose.

Researchers agree that additional field-scale studies testing innovative

technologies are required before implementing full-scale remediation efforts

(Gierke and Powers, 1997; Fountain, 1997). This is of particular interest when

the contaminant distributions and hydrogeologic conditions are complex. It has

been emphasized by researchers that detailed characterization of a site is

required to achieve a successful remediation effort when implementing

innovative technologies. Clearly knowledge of immiscible-liquid dissolution

behavior under conditions at the field scale is critical for implementing
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appropriate remediation strategies (Brusseau, 2002). Several documented

studies applying enhanced-solubilization or enhanced-mobilization remediation

techniques to sites involving immiscible-liquid contamination have been

conducted, however, further studies at the field-scale are needed before

implementing full-scale application (e.g. Abdul et al., 1992; Rao et al., 1997;

Knox et al., 1997; Falta et al., 1998; Jawitz et al., 1998; McCray and Brusseau,

1998; Blanford et al., 2001). For this research, an enhanced-flushing agent

called cyclodextrin was used to test pilot-scale remediation of immiscible liquid.

This was the first time that cyclodextrin was recycled in an online configuration to

determine the effectiveness of reagent recovery and reuse, an important

consideration for full-scale application feasibility.

Cyclodextrin: An Enhanced Solubility Agent

Cyclodextrins have long been used in the pharmaceutical industry for

applications such as drug delivery, as well as in the food industry for such

purposes as flavor modifiers. Cyclodextrins can be used to stabilize flavors

during manufacture and storage, to protect sensitive substances against thermal

decomposition, oxidation, light-induced degradation or loss by evaporation or

sublimation. Cyclodextrin is a non-reducing polycyclic oligosaccharide, or sugar

(similar to household cornstarch) with at least six anhydroglucose units linked in

a ring by a-1.4. bonds formed by the degradation of starch by bacteria (Bender

and Komiyama, 1978). Cyclodextrin is produced specifically by the action of the
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enzyme cyclodextrin glucosyltransferase [CGT-ase] on starch. Cyclodextrin

molecules are designated by Greek letters to denote the number of glucose units

in the toroid: a for 6, 13 for 7, and y for 8. The most common cyclodextrins are

alpha, beta, and gamma cyclodextrins having six- (a), seven ( (3), or eight (y)

anhydroglucose units in the ring structure. These base cyclodextrins are formed

by several glucose (C6F11206) molecules arranged in a toroidal shape.

Specifically these base units are comprised of alpha-(1,4)-linkages of a number

of "chair-shaped" D(+)-glucopyranose units. The hydroxyl groups are oriented to

the exterior of the ring while the glucosidic oxygen and two rings of the non-

exchangeable hydrogen atoms are directed towards the interior of the cavity.

Other forms of cyclodextrin do exist but are less common (Bender and

Komiyama, 1978). The molecular weights for the base cyclodextrins range from

972 to 1297.

These lampshade-shaped molecules possess a nonpolar interior and a

polar exterior. This combination gives cyclodextrins a hydrophobic inner cavity in

which relatively non-polar organic contaminants can reside as an inclusion

complex, and a hydrophilic exterior making the molecule possess a large

aqueous solubility. The outer diameter of the cyclodextrin molecule is about 1.5

nm, while the inner diameter has been reported as 0.346 nm (Wang and

Brusseau, 1993). Cyclodextrins (host molecules) form inclusion complexes with

suitable guest molecules. Relatively non-polar organic contaminants (guest

molecule) partition to the interior of the molecule (i.e., an inclusion complex is
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formed), while the highly polar exterior provides the molecule with a relatively

large aqueous solubility. These properties allow cyclodextrin to greatly enhance

the aqueous-phase solubility of organic contaminants. The molar ratio of guest

to host is usually 1:1 in inclusion complexes formed in solution, with exception of

the inclusion complexes of cyclodextrins with long chain aliphatic carboxylic

acids, methyl orange, and certain barbituric acid derivatives (Bender and

Komiyama, 1978).

The nature of the binding force between cyclodextrin (host) and an organic

contaminant (guest) remains a controversy. The strong binding force is primarily

due to a favorable enthalpy change, whereas the entropy change is slightly

unfavorable (Bender and Komiyama, 1978). Because apolar binding is typically

associated with a favorable entropy change, this mechanism is thought to be

relatively unimportant for the formation of inclusion complexes between

cyclodextrins and organic molecules.

Bender and Komiyama (1978) point out the mechanisms that are

associated with favorable enthalpy changes. The following mechanisms are

thought to provide important contributions to the binding force:

1. van der Waals interactions between guest and host;

2. hydrogen bonding between guest and the hydroxyl groups of

cyclodextrin;

3.	 release of high-energy water molecules in complex formation in

favor of the relatively low-energy guest molecules;
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4.	 release of strain energy in the macrornolecular ring of the

cyclodextrin.

The aqueous solubilities of base cyclodextrins range from 18 to 230 mg/L,

however their solubilities can be increased by addition of polar functional groups

such as hydroxyl or carboxyl groups (Bender and Komiyama, 1978). The

cyclodextrin derivative used in this research, for example, is a beta cyclodextrin

molecule modified to include hydroxypropyl groups. This molecule is termed

hydroxypropyl-p-cyclodextrin (HPCD), and has a solubility of greater than 500

g/L. Such high aqueous solubilities allow relatively high concentrations to be

used in field applications. The pKa of the hydroxyl groups associated with the

exterior of the cyclodextrin molecule is about 12 (Bender and Komiyama, 1978).

Thus, cyclodextrins will remain polar in most naturally occurring aqueous

environments. The molecular weight of HPCD ranges from 1326 to 1500,

depending in part on the degree of hydroxypropyl substitution.

As a solubility-enhancement agent, cyclodextrin has become an attractive

choice for reasons including the fact that it is insensitive to changes in pH, ionic

strength, and its resistance to precipitation (Wang and Brusseau, 1995). Wang

and Brusseau (1995) showed that the addition of CaCl2 to a solution of

carboxymethyl-p-cyclodextrin did not cause precipitation. Thus, clogging of well

screens and samplers during field-scale flushing in unlikely, and its use is not

expected to affect aquifer permeability appreciably. Blanford et al. (2001)

present a relationship of hydraulic conductivity versus HPCD concentration and
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they suggest that an injected solution of 20% may reduce the hydraulic

conductivity no more than 30%. Associated viscosity effects may limit the ability

to effectively target a specific contaminant zone or influence remediation flow

schemes, depending on the nature of the aquifer. The presence of cyclodextrin

in water has a negligible effect on pH and ionic strength (Brusseau, 1998a), and

cyclodextrin should not effect the physicochemical properties of the aquifer

porous medium. Cyclodextrins are stable under typical environmental conditions.

Bender and Komiyama (1978) report that the half-life for hydrolysis of

cyclodextrin is 48 days under extreme conditions and that it would be much

longer for environmental conditions.

Cyclodextrin has been shown to be resistant to biodegradation for time

periods of at least a few months (Wang, 1998). However, given that saccharide-

based composition of cyclodextrin, it is expected to be biodegradable over the

long-term, especially at low concentrations. For these reasons it is expected that

residual levels of cyclodextrin remaining in the subsurface will be eventually

biodegraded. In some cases cyclodextrin can act as a nutrient for

biodegradation to occur. Generally, low concentrations of cyclodextrins are

needed for biodegradation. In some cases, oxygen may become consumed and

as a result this can lead to changing redox conditions. In such an instance,

degradation pathways might initially be aerobic, later becoming anaerobic as

oxygen or similar electron acceptor (e.g., nitrate, sulfate) becomes depleted.
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As a sugar, cyclodextrin has many positive attributes that make it ideal for

use as a remediation agent. As a solubility enhancement agent, cyclodextrin

complexes the contaminants but does not significantly reduce the interfacial

tension of the immiscible-liquid-water interface to initiate mobilization of the

immiscible-liquid contaminant. Therefore cyclodextrin is unlikely to mobilize

immiscible liquid (Bizzigotti et al., 1997; Wang and Brusseau, 1998). This is a

concern when using some remedial flushing agents (e.g. cosolvents and

surfactants) because there is an additional risk of losing hydraulic control of the

immiscible liquid when it can become mobilized. While, in some cases,

mobilization can enhance the removal of immiscible liquid from the subsurface, it

can be difficult to capture all mobilized immiscible liquid during remediation

(Farley et al., 1992; Fountain, 1995; Sabatini et al., 1996; Mason and Kueper,

1996). Losing hydraulic control of a dense immiscible liquid can create added

concern because these sources of contamination can move further downward

and become less accessible to remediation efforts, continuing to act as a source

for groundwater contamination. Thus, implementing mobilization as a

remediation technique may not be appropriate under certain circumstances. An

additional advantage of using cyclodextrin is the fact that it does not harm

resident microbial populations (Wang et al., 1998). Cyclodextrin experiences

negligible sorption to aquifer solids (Brusseau et al., 1994), does not partition

appreciably to the immiscible-liquid phase (Wang and Brusseau, 1995), and is

therefore relatively easy to remove from the subsurface after use, which is of



31

regulatory concern. A primary reason for using cyclodextrin as a remediation

flushing agent is the fact that it is also considered non-toxic to humans and thus

will have minimal health-related concerns when injected into the subsurface.

An incidental advantage of cyclodextrins is that they have the potential to

enhance in-situ biodegradation. The rate of phenanthrene biodegradation was

observed to increase due to the presence of cyclodextrin in the system (Wang et

al., 1998). Thus, cyclodextrin may have the combined advantage of increasing

the solubilization of contaminants as well as increasing the potential for

biodegradation. Cyclodextrin has also been shown to complex metals in the

presence of organic contaminants (Wang and Brusseau, 1995). Certain forms of

cyclodextrins can act not only to complex organic contaminants to the nonpolar

cavity but also complex metal contaminant species as well. Thus, they may

useful in remediation of sites contaminated with mixed-wastes of organics and

metals.

Cyclodextrins may also have some potential disadvantages. The post-

remedial flushing solutions used in many remediation operations are often

discharged into an industrial waste-water treatment facility. The chemical oxygen

demand associated with cyclodextrin solution can be potentially very large. Even

though cyclodextrin is relatively resistant to degradation in typical groundwater

systems, the high efficiency degradation processes working in these engineered

waste treatment systems can create an exceedingly high chemical oxygen

demand. Thus, if cyclodextrin is introduced into a waste-water treatment system,
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it may have to be diluted or pulsed into the system. The effectiveness of

technologies based on flushing (e.g., surfactants, cosolvents, and complexing

sugars), will depend on the heterogeneity and characteristics of the porous

media (e.g. high clay and silt fractions) and the associated ability to flush the

target zones of contamination (Blanford et al., 2002).

Cyclodextrin is to some extent more expensive than common surfactants,

however, when considering the aforementioned mentioned discussion it may be

more cost-effective under certain conditions. For the field experiment, discussed

later, cyclodextrin was obtained from Cerestar USA, Inc. (Hammond, IN 46320;

800-348-9896) where it is produced at commercial scales. In addition, recent

research including a focus of this research detailed in this dissertation, indicates

that cyclodextrin is readily recyclable after use in immiscible-liquid remediation

(Boving et al., 1998) and thus may prove to be cost effective at field scale

application. This study successfully implemented reagent recovery and reuse, by

recycling cyclodextrin throughout the duration of a field remediation

demonstration. This demonstrates that cyclodextrin can in fact be recycled,

thereby decreasing material costs, and improving the overall efficiency and cost-

effectiveness of field scale remediation operations. The economic feasibility of

using cyclodextrin for field-scale remediation, as for cosolvents and surfactants,

should be evaluated on a case-by-case, site-by-site basis.

Prior to understanding relatively new studies on enhanced-dissolution of

immiscible liquids, it is important to review the existing literature on immiscible-
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liquid dissolution. The bulk of the existing literature on this topic involves theory

and application of immiscible-liquid dissolution in water, partitioning tracer theory

and application, and complexing sugar solution. A review of this literature is

presented below.

Literature Review

Overview

Immiscible phase liquids are frequent contaminants in groundwater

systems and have been the focus of considerable attention over the last 10 years

(Imhoff et al., 1998). Immiscible-liquid releases continue to be a pervasive

problem throughout the United States. The accidental release or improper

disposal of petroleum products and volatile organic solvents into the subsurface

have resulted in considerable subsurface contamination and created situations

that potentially threaten groundwater resources (Saba and Illangasekare, 2000).

Immiscible phase liquids have been discovered at numerous hazardous waste

sites (Mercer and Cohen, 1990). Light immiscible phase liquids, such as toluene

or gasoline, will spread laterally along the capillary fringe and can present a long-

term source of aqueous contamination to the groundwater. Dense immiscible

phase liquids, such as trichloroethene (TCE) or tetrachloroethene (PCE), will

displace water and downward migration will result once the entry pressure of the

water-saturated medium is overcome. Prediction of dense immiscible-liquid

migration and transport is complicated by subsurface heterogeneity. High

permeable zones and/or fracture zones can contribute to dense immiscible-liquid
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migration that is difficult or nearly impossible to predict. For this reason dense

immiscible liquids present a major challenge in remediation since source zones

are extremely difficult to locate. Typical immiscible liquids common to

groundwater contamination usually have low aqueous solubilities. Even though

the aqueous solubilities for many of these compounds are very low (e.g. parts

per million; ppm), often the maximum contaminant levels (MCLs) set by the

U.S.E.P.A. are well below these values (typically in the parts per billion; ppb).

This presents a major problem to the safety of our groundwater supplies since

the MCLs set by the U.S.E.P.A. are standards by which drinking water is deemed

unsafe (poses a human health risk) at or above the established limit. In addition,

the low solubility of these compounds make remediation of these chemicals

difficult because large amounts of water must be flushed through the subsurface

to remove contaminant mass, even under conditions of equilibrium mass transfer

between the immiscible liquid and the aqueous phases. However, immiscible-

liquid dissolution is often rate limited, and mass removal can occur much more

slowly than expected for equilibrium-dissolution conditions.

History of Chlorinated Solvents and Uses

Chlorinated solvents were first produced in Germany in the nineteenth

century. The production of chlorinated solvents in the United States began

around 1906 but widespread use in manufacturing began during World War Il

(Pankow and Cherry, 1996). Contamination of groundwater by these compounds
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went largely unrecognized until the late 1970s. Production of TCE and PCE

began in 1923 primarily as cleaning agents or for degreasing operations. Both

TCE and PCE became the most commonly used solvents in the 1960s when the

post-World War I l manufacturing economy expanded greatly. Since the 1970s

when human health concerns were first recognized, POE and TOE production in

the U.S. has declined. Current production quantities range from hundred of

millions to billions of kg per year (Pankow and Cherry, 1996). Many different

types of industries commonly use chlorinated solvents in their operations. The

electronic, instrument manufacturing, and aerospace industries, all generally

regarded as relatively "clean" with respect to pollution, have used very large

quantities of chlorinated solvents, and have caused numerous spills (Pankow

and Cherry, 1996). Smaller community businesses such as dry cleaning,

machine, photographic processing and printing shops are also responsible for

chlorinated solvent spills. Trichloroethene was also used for extraction purposes

in the food industry, for processes such as coffee decaffeination. The

widespread use of these chemicals will continue to pose serious health risks to

our groundwater, thus it is necessary to not only find alternative compounds but

also to restore already contaminated groundwater to levels that can be used for

consumptive use.
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Health Risks Associated with Immiscible-Liquid Constituents

Immiscible phase liquids, including chlorinated solvents and petroleum

hydrocarbons, pose serious health risks to humans. Many of these chemicals

have been shown to be suspect carcinogens, mutagens, and teratogens. Many

of these chlorinated solvents, common at many contaminated groundwater sites,

can depress the central nervous system. Many of the hydrocarbons (e.g.

alkanes, alkenes, alkynes, aromatics) comprising gasoline and solvents

(halogenated hydrocarbons; PCE, TCE), commonly used immiscible liquids, can

accumulate in fatty tissue, can affect internal organ functions (liver and kidneys),

cause tumors, destroy bone marrow, affect blood cells, cause aplastic anemia,

and are considered carcinogens (leukemia, lungs). Acute exposures can affect

the central nervous system as mentioned earlier, and chronic exposure can

affect organ function (liver and kidneys). Contaminants such as pesticides can

bioaccumulate in living organisms increasing the concentration by several orders

of magnitude. In this respect, concentrations are "biomagnified" going up the

food chain. Accumulation of pesticides in a living organism can affect the central

nervous system, internal organ functions, and fetus development.

Epidemiological studies have shown that agricultural workers who are exposed to

a variety of pesticides have a significantly higher risk of developing Hodgkin's

disease, leukemia, multiple myeloma, non-Hodgkin's lymphoma and other

cancers (Brown, 1990) (Blair, 1995). Male farmers exposed to pesticides have

lower reproductive success as well (Savitz, 1997). In addition, birth defects,
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nerve damage, and liver and kidney failures have been linked to pesticides (New

York State Water Resources Institute, 1998).

Due to the toxicity of these chemicals, it is imperative to understand the

mechanisms controlling the fate and transport of these contaminants in the

environment, and couple this knowledge to develop, test, and implement

innovative technologies to improve the effectiveness for removing these types of

contaminants from soil and groundwater.

Single-Component Immiscible-Liquid Dissolution

Background

Immiscible phase liquids present in the subsurface can contaminate

extensive volumes of soil and groundwater. Immiscible-liquid distributed in the

subsurface can dissolve into groundwater or evaporate into the soil atmosphere

in the vadose zone, creating extensive aqueous-phase and gas-phase

contamination. At the micro-scale, dissolution is a diffusion process whereby

mass transfer is occurring from the immiscible-liquid-water interface into the

interstitial bulk water. This diffusion flux can be described by Fick's First Law

where the flux is proportional to the concentration gradient and the proportionality

constant is expressed as the diffusivity of the contaminant in water J = -DLVC. It

is assumed that the volume of the immiscible-liquid sphere is very small relative

to the interstitial volume, the solubility limit, Cs, of the immiscible liquid in water is

reached in the water just at the outer-edge surface of the immiscible liquid. The

immiscible liquid diffuses through a given distance and becomes well mixed into
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the interstitial water, and the initial diffusion flux can be approximated as steady

state because Cs is constant, the bulk interstitial water is constant, and the

diffusional distance does not change significantly.

Diffusion

Similar to dissolution, the diffusional process describes the behavior of

individual molecules of a substance dissolved in a dilute solution, sealed in a

quiescent vessel. This diffusional process is often described by random walk

theory, whereby individual molecules undergo collisions producing random

movement of the chemical molecules. The solvent and solute molecules

experience collisions as a result their respective kinetic energies, continuously

undergoing what is termed Brownian motion. The solvent molecules will travel

different paths according to these random and continuous collisions and an

individual molecule may move away from a region of high concentration or low

concentration by a random process. However, in areas of high concentrations

and thus high solvent molecule density the amount of collisions and molecule

movement is greater and net random movement of molecules out of these

regions into regions of lower concentration will occur.

Mass-Transfer Coefficient, Specific Surface Area, and Immiscible-Liquid

Morphology

Analogous to diffusion, the rate of dissolution of an immiscible liquid into

water will occur according to the concentration gradient between the immiscible-
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liquid interface and bulk water. The mass transfer (dissolution rate) coefficient, a

first-order constant of proportionality, relates the concentration gradient to the

rate of immiscible-phase dissolution. Factors controlling immiscible-liquid

dissolution into groundwater and eventual depletion include the aqueous

solubility of the immiscible liquid, groundwater velocities, immiscible-liquid-water

contact area, and the molecular diffusivity of the immiscible liquid in water

(Mercer and Cohen, 1990). Estimates of mass transfer coefficients, which

represent the mass of immiscible liquid dissolved into groundwater per unit

contact area per unit time, have been experimentally observed to increase with

groundwater velocity and decrease with time as the immiscible liquid ages when

velocities are large enough to neglect molecular diffusion (Zilliox et al, 1973,

1978). The immiscible-liquid-water contact area or specific surface area (a° ;

[L2/L3]), is an important parameter governing the rate of immiscible-liquid

dissolution into groundwater. Thus the immiscible-liquid-water contact area

provides the area by which mass-transfer (dissolution) can occur. Immiscible

liquid retained in the subsurface as residual saturation (blobs or ganglia) will

generally have a greater specific surface area than a immiscible-liquid pool of

equivalent mass. Thus, dissolution of residual immiscible liquid produces higher

concentrations of immiscible liquid chemicals in groundwater and depletes the

immiscible-liquid source more quickly than immiscible-liquid pools of equivalent

mass. Aqueous concentrations produced from immiscible-liquid pool dissolution
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are much lower than those resulting when groundwater flows through a residual

immiscible-liquid zone (Whelan et al., 1994).

Immiscible-liquid Migration and Distribution

Dense Immiscible Phase Liquids

Dense immiscible phase liquids are defined as having greater densities

than that of water. These more dense than water immiscible liquids can migrate

downward through the vadose zone due to gravity and buoyancy forces. The

dense immiscible liquid will spread laterally through the capillary fringe until the

entry pressure of the water-saturated medium is overcome. Once sufficient head

is achieved or the gravity and buoyancy forces overcome the capillary forces

associated with the water-saturated medium, the dense immiscible liquid will

enter and migrate downward through the saturated zone. As migration of the

immiscible liquid occurs through both the vadose and saturated zones, the

distribution and shape of immiscible-liquid bodies will depend on the capillary

phenomena associated with the pore dimensions. Entrapment of residual phase

immiscible liquid can occur to form very heterogeneous blobs and ganglia. With

enough immiscible-liquid mass and migration, immiscible-liquid pools can exist

above capillary barriers or low permeable units (i.e. clay layers or lenses).

Immiscible liquid trapped as residual saturation or present as pools will act as

long-term sources to groundwater contamination. Residual saturation can persist

for years under conditions representative of field sites (Brusseau, 1992). As the

immiscible liquid (usually the non-wetting phase) migrates, it will enter the larger
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pores preferentially during natural gravitational drainage and can become

detached from the continuous organic fluid phase forming blobs and ganglia

when capillary forces a sufficiently strong to overcome viscous and gravity or

buoyancy forces (Powers et al., 1994). Hydraulic gradients typically much

greater than naturally observed are required to displace these types of

immiscible-liquid sources. Induced hydraulic gradients from pump and treat type

systems, are typically still not enough to displace these immiscible-liquid sources,

and thus dissolution of the immiscible liquid into water will be the primary means

of depleting the immiscible-liquid source. This dissolution process is generally

very slow and for this reason is easy to understand why the presence of

immiscible liquid is a limiting factor affecting site cleanup. Over time the

interphase immiscible-liquid mass flux may decrease as the mass-transfer

coefficient, specific surface area, and/or the equilibrium concentration decrease

(Powers et al., 1994).

Light Immiscible Phase Liquids

When light immiscible liquids (immiscible liquids with densities less than

that of water) are spilled at the land surface they migrate vertically downward

through the vadose zone under the influence of gravity and capillary forces

(Fetter, 1993). Light immiscible liquids in sufficient quantity migrate in response

to pressure and elevation head gradients and once sufficient amount of

saturation is exceeded it can eventually reach the capillary fringe and water

table. Since light immiscible liquids tend float on top of the water table they will
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tend to move toward water-table lows if saturations are sufficient for mobilization.

However, much of the immiscible liquid may remain behind trapped as residual

saturation, held by capillary forces in the vadose zone. In this situation the

primary mechanism of immiscible liquid depletion will be by evaporation to the

soil-pores or by dissolution to pendular water. Pressure gradients acting in the

vadose zone can transport these associated gas-phase plumes far from the

immiscible-liquid sources. The light immiscible liquid will tend to accumulate at

the capillary zone until a "light immiscible-liquid-table" develops, with some of the

immiscible-liquid having a positive pore pressure. The immiscible-liquid zone can

build and eventually the capillary zone may disappear with the light immiscible

liquid directly contacting the water table. The primary mechanism for depletion of

immiscible liquid in contact with the capillary zone or water table is by dissolution.

This process is usually slow due to the fact that many immiscible liquids exhibit

extremely low aqueous solubilities. As mentioned earlier, these light immiscible

liquids may pool along the top of the water table and move toward low water

table regions. Raising water table conditions can subject residual forms of light

immiscible liquid to be submerged thus serving as a direct source for

groundwater contamination. Fluctuating water-table conditions can increase the

overall extent of residual light immiscible-liquid saturation (thickness) creating

what is termed "smear zones" in the subsurface. Whether trapped as immiscible-

liquid saturation or as free phase pools on the surface of the water table, light
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immiscible liquids prove to be a persistent source of soil and groundwater

contamination.

Single Component Dissolution (Driving Force Model and Mass-Transfer)

At many field sites and in some laboratory experiments, organic solute

concentrations have been observed to be well below solubility limits, possibly

indicating nonequilibrium conditions. Under apparent nonequilibriunn dissolution,

concentrations may not approach the immiscible-liquid solubility limit but still

considerably exceed the maximum contaminant level (MCL). According to

MacKay et al. (1985), organic compounds are commonly found in groundwater at

concentration of less than 10% of immiscible-liquid solubility limits even when the

immiscible liquid is known or suspected to be present. This is probably caused

by diffusional limitations of dissolution in conjunction with heterogeneous field

conditions, such as non-uniform groundwater flow, variable immiscible-liquid

distribution, and mixing of stratified groundwater in a well. This nonequilibrium

behavior may be controlled by rate (kinetic) limitations which affect effluent

concentration tailing, extending the time required for complete dissolution (Frind

et al., 1999). As mentioned earlier, nonequilibrium interphase fluxes (dissolution

rate) is often characterized by the product of the driving force and related

dissolution coefficient which itself is a product of the mass-transfer coefficient

and the specific surface area across which mass transfer occurs. For dissolution

of pure immiscible liquids, diffusion of an organic species away from the interface

of the organic phase into the bulk aqueous phase has often been considered to



44

be the rate-limiting step. The rates of immiscible-liquid dissolution in porous

media are highly dependent on blob distribution and aqueous phase velocity

(Powers et al., 1992). Mass transfer may become rate limited as immiscible-

liquid saturations decrease and the pore structure of a medium is a critical

parameter, which controls mass transfer during initial dissolution (Powers et al.,

1994). At the field scale, however, such low concentrations are generally

attributed to dilution by clean water flowing around zones of immiscible-liquid

saturation and by immiscible-liquid blobs being trapped in dead-end pores

without direct contact to the flowing water, or immiscible liquid in low permeability

areas of the aquifer being dissolved later than immiscible liquid in high-

permeability areas (e.g., Brusseau et al., 2000; 2002).

Specific Surface Area

In single-component organic phase systems, the specific surface area is

the primary transient variable in the source term. The specific surface area can

decrease by orders of magnitude as the organic solute is removed from the

system and the volume of entrapped immiscible liquid is reduced. As the

proportion of void space that is occupied by immiscible liquid increases, so will

the interfacial area. As dissolution proceeds the immiscible-liquid-water specific

surface area will decrease, thereby decreasing the rate of mass transfer.
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Mass-Transfer Coefficient

A first-order coefficient (ka), termed the mass-transfer coefficient, is

proportionality constant which quantifies the relationship between the rate of

mass-transfer (dissolution) and the difference in concentration at the immiscible-

liquid-water interface and aqueous bulk-water phase. This coefficient is defined

by ka = 
D

i ; where ka is the mass transfer coefficient [LT-1 ], DI is the molecular 5

diffusion coefficient [L2T-1 ], and 6 is the thickness of the film or boundary layer [L].

Phenomenologically, ka , depends on the relative velocities in the vicinity of the

interface and upon the thickness, 6, of the film (Weber and DiGiano, 1996).

Generally, the thickness of the film (6) is impossible to measure, however it is

assumed to be constant. This mathematical relationship IN = ka a ° (Cs —Ç) is

often referred to as the linear-driving force model, where; IN is the mass flux of

immiscible liquid into the aqueous phase, ka is the mass transfer coefficient [LT -

1 ], a° is the specific surface area (interfacial area) [LI, Cs is the aqueous

solubility of the immiscible liquid [MV-1 ], and Cb is the concentration of the

immiscible liquid dissolved in the bulk water. The resistance to mass transfer is

on the aqueous side of the immiscible-liquid-water interface, since the

immiscible-liquid phase is assumed to be a single species and thus void of

concentration gradients. The determination of the mass-transfer coefficient (ka)

may be determined experimentally if a° can be specified. In most cases,

however, the specific surface area (interfacial area) of the immiscible-liquid-water
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interface is difficult if not impossible to determine. Heterogeneous distributions of

immiscible liquid entrapped in the subsurface as blobs and ganglia between soil

grains and in contact with groundwater are typically impossible to measure and

quantify (Weber and DiGiano, 1996). An added complexity arises in the fact that

as the dissolution occurs the immiscible-liquid-water interface is continually

changing. To overcome the difficulty in specifying a immiscible-liquid-water

specific surface area, a lumped mass-transfer coefficient, KLa [T-1 ], is assessed

for a specific system, where KLa = ka a°. The linear-driving force model

ac 
incorporating the lumped mass transfer coefficient	 = KLa(CS --Cb	 isat

typically used so that the mass-transfer coefficient and specific surface area do

not need to be determined independently. By integrating this mass-transfer

expression and plotting the temporal concentration data the KLa can be

calculated by performing a regression of the data. The mass transfer coefficients

can then be incorporated into a dimensionless Sherwood number (Sh #) which

relates interfacial mass transfer resistance to molecular diffusion resistance.

The mass transfer coefficient for a specific compound may be influenced

by many factors such as diffusion across the immiscible-liquid/water interface,

the surface area of the immiscible liquid, and the porous media heterogeneity

(Wei, Bai, McCray, Maier, Brusseau, 1998). Parameters that were found to be

important in controlling the rate of mass transfer (dissolution) include the

chemical properties of the immiscible liquid, the contact time (contact length
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and/or groundwater velocity), and the presence of immobile zones and physical

bypassing of the immiscible liquid (Priddle and MacQuarrie, 1994).

Correlations to Describe Mass Transfer (Dissolution)

The dimensionless term, defined as the Sherwood number (Sh#),

represents the resistance of mass transfer to the resistance of molecular

diffusion. This dimensionless parameter depends on system hydrodynamics and

upon the diffusive properties of the component undergoing transfer. The

Sherwood number is a function of both the Reynolds number (Re) and the Peclet

number (Pe) [Sh = f(Re, Pe). Sherwood correlations are often used to describe

relationships of mass transfer due to hydrodynamics (Re#) and diffusion

properties (Sc#) of a particular system. The advantage of using such

correlations is that they allow estimation of the mass transfer coefficient for a

system, once its hydrodynamic and interfacial conditions have been specified

(Weber and DiGiano, 1996). The general form of the mass transfer relationship

is developed through dimensional analysis. Experiments are then designed to

obtain empirical information that is specific for a given type of system (Weber and

DiGiano, 1996). Through an exponential dimensional analysis of the mass-

transfer coefficient, using the Buckingham Pi theorem, a correlation can be

developed relating the Reynolds number and Schmidt number to the Sherwood

number (Sh=aiRe02Sc03) referred to as a mass transfer correlation. The al, a2,

Œ3 are empirical constants for description of a particular experimental data set.
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Fluid velocity, type of solute, temperature, and characteristic length of the mass

transfer surface are typical experimental variables. Miller et al. (1990) present a

correlation relating a modified Sherwood number to the volumetric immiscible-

liquid fraction (immiscible-liquid saturation and porosity, 11)N), Reynolds number,

and Schmidt number (Sh'= OEl Rea20Nr i Sc°5), where the modified Sherwood

number is Sh' = KLadp 2/Di. The material balance can be described by the

advection-dispersion equation incorporating the first-order dissolution (mass-

ac 
transfer) term Dd 	  V	 +kaa 0 (C's — Cb )= 0 where Dd is the dispersion

2 x	P ax

coefficient, x is the direction of principal flow, vp is the pore-water velocity, and Cs

is the aqueous solubility of the solute.

Immiscible-liquid Dissolution from a Single Object

Immiscible-liquid dissolution can be described as mass transfer from a

single object to surrounding fluid, mass transfer in uniform packed beds, and

mass transfer in porous media. The flow and transport behavior around an

object are determined by the following flow equation and mass balance equation.

pu.Vu =—VptuV 2 u+ pg

u ;VC = D-V 2 C

The concentration and velocity profiles around an object can be obtained by

solving these coupled equations with appropriate simplifications and boundary

conditions. Based on the resulting concentration profile, the dissolution rate j can
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be calculated according to the concentration gradient at the surface of the object

(Guo, 2002).

j = D( V C • OdA

D is the solute diffusion coefficient in fluid, VC.n is the normal concentration

gradient at the surface of the object, and A is the surface area.

Leal (1992) used an asymptotic analysis to derive the Sherwood number

and Peclet number relationships for a single object in uniform flow and creeping

flow. The resulting power law relationship was developed for low and high Peclet

number conditions; Sh = c + A-Pem . At low Peclet number the concentration field

near the body is dominated by diffusion and thus relatively insensitive to fluid

motion. Convection effects in the low Peclet number regime arise from the

velocity field at large distances from the body, which determines the

concentration field and the dependence of Sherwood number on Peclet number.

Conversely, at high Peclet number, the mass transfer is confined to a very thin

region near the body's surface and it is only the local velocity distribution in this

region that matter. As a consequence, at high Peclet number the transport

process should be independent of far-field changes in flow (in contrast with low

Peclet number situation). Leal (1992) presents many of these correlations for

heat flow which are analogous to mass transfer and presented in the table below.
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Conditions Correlations

Pure Conduction Sh=2

Low Re, low Pe Sh = 2 + A-Pe

Low Re, high Pe Sh = A•Pe 113

Low Re, high PE, slip boundary cond. Sh = A•Pe 1/2

Closed Streamline Sh = 8.9

Table 2.1. Mass-transfer correlation for heat flow (Leal, 1992).

Dissolution from single spheres was investigated experimentally several

decades ago. Dissolution from single spheres of benzoic acid in water was

studied by Steinberger et al. (1960), who obtained a similar power correlation

between Sherwood number and Peclet number (or Reynolds number). Bowman

et al. (1961) and Friedlander (1975) derive power correlations by solving the

Stokes equation and convection-diffusion equation to describe mass transfer.
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Mass transfer correlation Conditions Sources

Sh = 0.978Pev3 Thin
boundary
layer, large
Pe Single

sphere in the
fluid

Bowman et al.,
1961

Sh = 2 + —
9 

Pe + —9 Pe 2 
+ • • •

16	 64

Thick
boundary
layer, small
Pe

Sh = 0.89Pe ' 33 Boundary
layer flow

Single
sphere

Friedlander,
1957

Sh = Sho + 0.347(Re ScV2
 )o 62

Dissolution of single benzoic
acid sphere in columns

Steinberger, et
al., 1960

Table 2.2. Mass-transfer correlations from single spheres.

Mass transfer correlations were developed experimentally for packed beds

to describe dissolution (mass-transfer) in disordered systems rather than from a

single sphere. Early experiments were conducted to quantify the mass transfer

(Williamson et al. 1963; Wilson and Geankoplis, 1966) by dissolving spheres of

benzoic acid within packed beds. More current research investigating the

dissolution of benzoic acid spheres in packed beds was conducted to compare

and to predict the accuracy of alternative correlations (Guedes de Carvalho and

Delgado, 1999; Guo and Thompson, 2001). Wakao and Funazkri (1978)

quantify the particle to fluid mass transfer by developing a correlation which

account for axial fluid dispersion. These correlations are more representative of

mass-transfer from porous media systems.
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Mass Transfer Coefficient Correlations Conditions Sources

Sh = 2.4 .6- 067 • Re °33 • Sc ° 42 0.08<Re<125 Williamson et
al., 1963

Sh = 1.09 • 6. - 1 • Pe ° .33

0.0026<Re<55
0.35<s<0.75

950<Sc<70600 Geankoplis et
al., 1966

Sh = 0.25 • e -1 • Pe ° 69
55<Re<1500

Sh = 1.26
, 

e
--

n W )

1/3

Pe°
Sc>100

Low Re, High Pe
Pfeffer et al.,

1964

Sh	 0 
s	 Pe Pe<10 Kunii et al.,

1966
=	 ,

6 1— sg

1 — (1/L)f erf kx12dp XPe p' )112k
Sh	 254=

High Re and High
Pe

Doytcheva et
al., 19931 +11 I, f erfkx I 2d p )(Pe p' )112 .dx

Sh = 0.55 + 0.25 • Pe' 5 0.5<Pe<100
Pfannkuch et

al., 1984
Table 2.3. Mass-transfer correlations from packed beds.

Mass Transfer in Porous Media

In recent work, a number of researchers have developed mass transfer

correlations to describe immiscible-liquid dissolution in porous media (Dwivedi et

al., 1977; Pfannkuch et al., 1984; Miller et al., 1990; Powers et al., 1992, 1994;

Imhoff et al., 1994; Geller et al., 1993). Correlations are often used to describe

immiscible-liquid dissolution in porous media empirically because these systems

can be extremely complex. The residual saturation, distribution (shape and size)
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of the immiscible liquid in the porous media and flow dynamics are all affected by

the structure of the system. These factors, related to random complex

distributions of immiscible liquid and the flow regime, all act to influence the rate

of mass transfer. The conventional equilibrium approach to describing mass

transfer (dissolution) was by relating the concentration of a contaminant in any

phase in terms of its concentration in other phases at the same location through

an equilibrium partitioning process (Abriola, 1985). However, it has been

observed in laboratory studies and field studies that concentrations of

contaminants in groundwater (aqueous phase) are lower than the corresponding

equilibrium values (e.g., Mercer et al., 1990; Brusseau et al., 2002). As

mentioned previously, certain processes can limit the extent of mass transfer

from immiscible liquids to the aqueous phase (Guo, 2001). The apparent non-

equilibrium condition can be attributed to the following phenomena: 1) rate-

limited interface mass transfer; 2) physical bypassing of the mobile phase around

the contaminated region due to the relative permeability effects and

heterogeneity; 3) the presence of low immiscible-liquid concentrations; 4)

diffusion of one component in multiphase immiscible liquids; 5) the presence of

porous media heterogeneity at various scales (Mayer et al., 1996; Powers et al.,

1992; Guo, 2001).

Researchers have conducted many experiments in one-dimensional

columns packed with porous media and developed mass-transfer correlations.

Many of these correlations indicate that Sherwood number is a function of the
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Reynolds number, Schmidt number, particle size distribution, and immiscible-

liquid saturation.

Mass Transfer Coefficient Correlation Source

Sh = 1.1068 . (6. • s.„ Y - Re -78 • 	"3 Dwivedi et al.,
1977

Sh = Sc °33 •	 • s	 1 • 0.765 Re -18 + 0.365 Re 06I4 )

Sh = 0.55 + 0.25Pe"
Pfannkuch et al.,

1984

Sh' —120, 6° - Re ° • 75 • Sc" Miller et al., 1990

sh , _ 57.7 . 464 . Re 0.61 . u 10.41 Powers et al.,
1992

Sh' = 70.5 Rd/3 - Or'	 0,5211. 9 • 0 -11/9 • 9 -1

a

(	 \5"
dP

n 
d

ni /

Geller and Hunt,
1993

Sh' = 340 Re"' •	 "7 • 	

r

x
d

\	 P

-0.31

Imhoff et al., 1994

Sh' = 4.13 Re 0.598 . 6.0.673 . 
U ,°369

f-	 .(0
9 n

n.. 9nO /

.518+0.114.8+0 .10-U;) Powers et al.,
1994

Sh	 11.34 Re °2767 Sc"3=
(\"37

d5c'en

Saba and
Illangasekare,

2000
\	 r	 i

Table 2.4. Mass-transfer correlations from porous media.

Numerous one-dimensional column experiments and a few two-dimensional flow

cell experiments have been conducted to investigate and quantify mass transfer

coefficients for immiscible-liquid dissolution in porous media (Brusseau et al.,
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2002; Saba and Illangasekare, 2000; Powers et al., 1992, 1994; Imhoff et al.,

1994; Miller et al., 1990).

Miller et al. (1990), developed a power-law expression relating the

Sherwood number to Reynolds number, immiscible-liquid saturation, and

Schmidt number. They found that mass-transfer rate coefficients were directly

related to aqueous-phase velocity and immiscible-liquid saturation. However, no

relationship between the mass transfer-coefficient and particle-size was

observed. Imhoff et al. (1994) developed a correlation relating the mass transfer

rate coefficient for dissolution to immiscible-liquid saturation (S n). Essentially,

this approach is similar to that followed by Miller et al. (1990). Gamma

attenuation technique was used to measure immiscible-liquid saturation and

porosity. It is hypothesized that a relationship between the lumped mass transfer

coefficient (KI) and immiscible-liquid saturation (S n) is a representational measure

of the interfacial contact area of the immiscible-liquid-water interface. KI will also

vary with other parameters such as aqueous velocity and the presence of other

chemical components and organic matter. An additional term, incorporating a

dimensionless distance into the region of residual saturation was included into

the power law correlation and drastically improved predicted versus measured

Sh values. Imhoff et al. (1994) demonstrate that the mass-transfer coefficient

decreases with decreasing ganglion size, and Darcy flux, and decreases with

increasing distance into the region of residual immiscible liquid.
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Geller and Hunt (1993) described mass transfer using a Sherwood

correlation developed by Wilson and Geankoplis (1966) which assumes the

immiscible liquid is distributed as initially uniform isolated spheres that shrink as

dissolution proceeds. Ganglia size and the cross-sectional area of the

immiscible-liquid region are obtained by fitting the model to the data and

assuming a fixed initial immiscible-liquid saturation. Unique to this study was the

technique for the method of immiscible-liquid emplacement. To simulate a more

realistic subsurface leak, the immiscible liquid was employed using a syringe

pump. This model accounts for the reduced permeability of a region of residual

immiscible liquid relative to the permeability of the surrounding clean media that

causes the flowing of water to partially bypass the residual immiscible liquid.

Since most natural subsurface environments are composed of

heterogeneous distributions of porous media it is important to understand the

processes of immiscible-liquid dissolution under these more complex systems.

The distribution of the porous media will likely influence the immiscible-liquid

distribution in the subsurface. Powers et al. (1992) investigated and

demonstrated that entrapped immiscible-liquid distributions depend on porous

media grading and mean grain size. Immiscible liquid was employed using a

syringe pump to simulate a more realistic spill scenario. Powers et al. (1992)

observed that dissolution rates (mass-transfer coefficients), quantified by a

Sherwood mass-transfer correlation, depend on the distribution pattern of the

entrapped immiscible liquid, as well as upon aqueous phase velocity. This
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phenomenological model for mass transfer incorporated grain size parameters as

a surrogate measure of immiscible-liquid distribution in the mass transfer rate

coefficient correlation.

It was identified that pore structure was a critical parameter controlling

mass transfer during steady-state dissolution. However, the time dependent

decrease in interfacial area would have to be accounted for to adequately

describe transient dissolution behavior. Powers et al. (1994), expanding upon

previous work, further developed their phenomenological Sherwood mass

transfer model (theta model). This model accounts for the influence of pore

structure and the rate change of interfacial area with dissolution, quantified with

the [34 coefficient, which depends on initial immiscible-liquid distribution. The

developed theta model is predicated on the assumption that, for a given porous

medium, changes in the specific surface area of shrinking blobs can be related to

the volumetric fraction of immiscible liquid at a given location. The coefficient, [34,

is a function of median grain size and grain size distribution, which acts to serve

as a surrogate measure of immiscible-liquid blob shape and size distributions.

Successful use of the theta model can be applied to immiscible liquids with a

range of properties under similar porous media for which the grain size

distribution is known.

Up to this point, much of the research investigating the limitations of

immiscible-liquid dissolution was performed in controlled one-dimensional

column studies. To understand immiscible-liquid dissolution in up-scaled systems
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several researchers began investigating dissolution processes in more realistic

two-dimensional flow systems (Mayer and Miller, 1996; Brusseau et al., 2000;

Saba and Illangasekare, 2000; Nambi and Powers, 2000; Brusseau et al., 2002;

Imhoff et al., 2002). In an effort to describe immiscible-liquid dissolution in a two-

dimensional system, Saba and Illangasekare (2000) emplaced a discrete

immiscible-liquid zone (rectangular block) within a larger 2-D flow cell.

Dissolution experiments were performed and mass transfer coefficients were

quantified utilizing a developed correlation which relates Sherwood number to

Reynolds number, Schmidt number, and a term which lumps together the

volumetric immiscible-liquid content , the grain distribution (mean grain size), the

tortuosity and a length factor. This added length factor is equivalent to the initial

length of the immiscible-liquid contaminated soil block and was implemented to

describe the dissolution under conditions allowed to bypass the immiscible-liquid-

reduced permeability zone unlike a column system whereby all the flow is forced

through the contaminated zone. Saba and Illangasekare (2000) observed that

dissolution rates in their 2-D system were consistently lower than rates measured

in 1-D column systems. Because of the inclusion of a length factor that takes

into account the size of the contaminated zone, Saba and Illangasekare (2000)

note, that the proposed model is not constrained to the sizes of the immiscible-

liquid zones and can be up-scaled to different contaminated zone lengths.

In similar studies implementing emplaced zones of immiscible liquid within

a larger two-dimensional flow system, Brusseau et al. (2002) investigate using
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experimentally determined local-scale mass-transfer coefficients from column

experiments to describe dissolution in a larger two-dimensional system.

Brusseau et al. (2002) implement the use of a Sherwood correlation developed

by Powers et al. (1994) not to solve the inverse problem (i.e. obtain calibrated

estimates of initial mass transfer coefficient values), but rather to convert the

initial mass transfer coefficients values obtained independently from column

experiments to discrete nodal values for use in modeling the flow cell systems.

Brusseau et al. (2002) determined that local-scale dissolution rate coefficients,

such as those obtained from column experiments and which represent local-

scale dissolution processes, can be used to successfully predict dissolution and

transport of immiscible-liquid constituents at larger scales when the larger scale-

factors influencing dissolution behavior are explicitly accounted for in the model.

Researchers investigating immiscible-liquid dissolution have developed a

number of techniques to quantify dissolution rates. Many of these published

results have utilized mass transfer models in the form of Sherwood correlations

to describe immiscible-liquid dissolution rates. Generally these correlations have

evolved to incorporate complexities such as pore-water velocity, porous media

properties, and initial volumetric immiscible-liquid content that can change over

time as dissolution proceeds. Some researchers have also implemented a

length scale factor into the correlation, accounting for dissolution fingering and

bypass flow, to better describe the experimental results (Imhoff et al., 1994; Saba

and Illangasekare, 2000). Conversely, other researchers have developed or
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used mass transfer correlations based on the flow dynamics, physical

characteristics of the porous media, and distribution of the immiscible liquid

(initial volumetric immiscible-liquid fraction) in the system and have not observed

length scale dependence (Geller and Hunt, 1993; Powers et al., 1992, 1994;

Brusseau et al., 2002).

Partitioning Tracer Method

Background

The use of partitioning tracer tests to measure immiscible organic-liquid

saturation in the subsurface was developed by the petroleum industry in the

1970's as a means to determine residual oil saturation in oil fields (Cooke, 1971;

Deans, 1971). Since then, numerous partitioning tracer tests have been

conducted for this purpose, as reviewed by Tang (1995). The use of the

partitioning tracer method for measuring immiscible-liquid contamination in

environmental systems was initially demonstrated in the laboratory by Jin et al.

(1995) and Wilson and Mackay (1995). Both groups of investigators showed that

partitioning tracer tests provided accurate estimates of the volume of chlorinated

solvents emplaced in sand-packed columns. The first pilot-scale partitioning

tracer test was conducted at Hill AFB in Utah (Rao et al., 1997; Annable et al.,

1998a). Since then, several pilot-scale partitioning tracer tests have been

conducted as part of studies to evaluate innovative subsurface remediation

technologies (e.g., Jawitz et al., 1998; McCray and Brusseau, 1998; Blanford et

al., 1999; Brown et al., 1999; Falta et al., 1999a, 1999b; Cain et al., 2000;



61

Meinardus et al., 2002; Brooks et al., 2002). The first full-scale field application

of the partitioning tracer method for characterizing immiscible-liquid

contamination was conducted at a Superfund site in Tucson, AZ (Nelson and

Brusseau, 1996).

Enhanced-Solubilization: Cyclodextrin

Soil and groundwater contamination continues to be a pervasive problem,

threatening human health and the environment. As mentioned previously,

contamination of soil and groundwater by immiscible phase liquids, presents

formidable challenges for remediation efforts. Conventional and widely applied

technologies, such as pump-and-treat, have been shown to be ineffective for site

remediation, especially sites contaminated with immiscible liquids. In an effort to

manage this problem, a great deal of attention has been focused on using

enhanced-solubilization agents to increase the efficiency of remedial operations

associated with these forms of persistent contamination. Much research has

evolved from characterizing cyclodextrin for enhanced-solubilization, to

laboratory-scale studies, and finally to different stages of field-scale application

for remediation of immiscible liquids in the subsurface.

Many laboratory studies implementing the use of cyclodextrin have been

conducted to understand enhanced-solubilization under well-controlled

conditions. Hydroxypropyl-p-cyclodextrin (HPCD), a very water-soluble

derivative of p-cyclodextrin, was used to investigate the enhanced solubilization

of low-polarity compounds (trichloroethene, chlorobenzene, naphthalene,
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anthracene and p,p'-DDT) (Wang and Brusseau, 1993). Wang and Brusseau

(1993) performed a series of batch experiments each low-polarity compound

(mentioned above) in the presence of HPCD. To achieve rapid equilibrium, a

generator column was used to compare to batch studies and due to the fact that

DDT dissolution and complexation was very slow compared to the other

compounds. Wang and Brusseau (1993) results demonstrate that the apparent

solubilities of these-low polarity compounds were significantly increased in HPCD

solution. It was also observed that there was a decrease in surface tension with

increasing concentration of HPCD and that the aqueous-phase concentrations of

the compounds increased linearly with increasing HPCD concentration.

However, DDT was expected to have a relatively greater solubility enhancement

that was observed. As Wang and Brusseau (1993) suggest, the molar volume of

DDT was determined to be greater than the molar volume of the HPCD cavity,

leaving part of the DDT volume in the aqueous phase. This could result in the

observation of a reduced aqueous solubility and could contribute to the relatively

smaller enhancement observed for DDT (Wang and Brusseau (1993). It was

shown that HPCD has a stronger solubilization power than typical miscible

cosolvents, especially in the lower range of additive concentration. HPCD was

shown to have a lower solubilization power than typical surfactants; however, in

comparison, HPCD has higher water solubility, less associated sorption by soils,

does not form emulsions, is nontoxic, and is biodegradable. These
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advantageous attributes of HPCD make it a desirable agent for applying

enhanced-solubilization technique in the laboratory and the field.

In a following laboratory study, Brusseau et al. (1994) investigate the

sorption potential of HPCD by soil as well as the sorption potential of low-polarity

organic compounds (pentafluorobenzoate, trichloroethene, 1,2,3-

trichlorobenzene, naphthalene, anthracene, pyrene, biphenyl, 2-chlorobiphenyl,

and 2,4,4'-trichlorobiphenyl) in the presence of HPCD. It was shown that HPCD

did not interact with the porous media in this study, exhibiting no retardation. The

presence of HPCD, however, decreased the sorption and considerably enhanced

the transport of these low-polarity organic compounds. The retardation factors of

the most hydrophobic compounds were reduced significantly (orders of

magnitude) in the presence of HPCD (Brusseau et al., 1994).

A modified form of cyclodextrin, carboxymethyl-p-cyclodextrin (CMCD),

was used to investigate its ability to simultaneously complex low-polarity organic

compounds and heavy metals under dynamic flow conditions (column flushing)

(Wang and Brusseau, 1995). The results show that the relative solubilities of the

organic compounds (anthracene, trichlorobenzene, biphenyl, and DDT) were

significantly increased in the CMCD solutions. The CMCD complexed

approximately 90% of Cd2+ and possessed a conditional stability constant, logK

comparable to the complexation capacity of fulvic acids and anionic

biosurfactants for heavy metals. This complexation was not significantly

affected by changes in pH or by the presence of relatively high concentrations of
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Ca2+ (Wang and Brusseau, 1995). CMCD show excellent potential for enhancing

the removal of mixed wastes, but must consider certain factors for successful

remediation application. These factors include reagent low reactivity with soil,

sufficiently small to prevent pore exclusion, and should be nontoxic (Wang and

Brusseau, 1995). In a following similar study, Brusseau et al. (1997)

investigated the ability of cyclodextrin to simultaneously remove heavy metals

(mixed wastes) from three different types of porous media. Three different

aquifer materials (sandy soil with minimal organic carbon and clay; a soil with

relatively high clay content; and a soil with relatively high organic carbon content)

were exposed to phenanthrene for 38 days (aged). Conversely, these same

soils were also not exposed to phenanthrene for any duration of time (unaged).

Column flow experiments using two flushing solutions, water and cyclodextrin

(HPCD and CMCD), were conducted to compare aged desorption to unaged

desorption with the different incorporated soil types. Elution of phenanthrene that

was in contact with soil for 38 days showed increasing resistance to desorption

when water was the flushing solution. Conversely, the elution curves for the aged

and unaged phenanthrene were essentially identical when cyclodextrin was the

flushing solution. Aging appeared to have no significant impact on cadmium

elution for either flushing solution (Brusseau et al., 1997). The results also show

that CMCD can greatly enhance the desorption and elution of heavy metals, as

well as phenanthrene (representative low-polarity organic) simultaneously from

soil. Phenanthrene elution was further enhanced using a mixture of HPCD and
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CMCD without significantly reducing the enhanced elution of cadmium (Cd2+ )

(Brusseau et al., 1997).

The effects of HPCD on phenanthrene solubilization and biodegradation

were investigated through a series of batch experiments (Wang et al., 1998).

Sets of samples were innoculated with phenanthrene degraders from late-log

precultures. Results showed that HPCD can significantly increase the apparent

solubility of phenanthrene and as a result the impact on the biodegradation rate

of phenanthrene. The rate of biodegradation rate was increased more than 5

times and the solubility was increased as much as 124 times for phenanthrene.

The results of this study indicate that HPCD can enhance the solubility and

dissolution rate of phenanthrene, which increases its bioavailability for

degradation by bacteria (Brusseau et al., 1998).

Boving et al. (1999) conducted a series of batch and column experiments

to investigate the degree of trichloroethene (TCE) and tetrachloroethene (PCE)

solubilization induced by the presence of HPCD and methyl-p-cyclodextrin

(MCD). Batch experiments using HPCD and MCD concentrations of both 5 and

10%, show that TCE and POE were enhanced by up to 9.5 and 36.0 times,

respectively. Column experiments using 5 and 10% HPCD and MCD

concentrations show that solubilization and mass removal were enhanced

significantly. The apparent solubilities from the flushing experiments were very

close to those measured from the batch experiments indicating equilibrium

concentrations were maintained during the initial phase of cyclodextrin flushing.
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However, some mobilization was observed for TCE-MCE (5% and 10%) and

PCE-5(Y0MCD flushing.

Experiments utilizing HPCD were conducted by Bizzigotti et al. (1997) and

it was determined that it enhanced the solubility of PCE in both static (batch) and

flowing systems (columns). It was also reported that HPCD does not decrease

the interfacial tension between PCE and water and therefore should not mobilize

PCE in the subsurface. Bizzigotti et al. (1997) also measured the rates of

reaction of PCE with metallic iron in both static and flowing conditions. In flowing

systems, metallic iron removed PCE and any other associated chloroethene

species. It was shown that HPCD solution could be recycled, following the

reaction of PCE with iron (Bizzigotti et al., 1997). Bizzigotti et al. (1997) suggest

that a combination of HCPD and iron metal may be promising as a groundwater

remediation technology.

A detailed characterization was conducted by McCray et al. (2000) which

involved measuring physical properties of HPCD (density, viscosity, immiscible-

liquid-water interfacial tension), performing equilibrium batch experiments, and

conducting numerical simulations to understand the potential remediation

performance of cyclodextrin. McCray et al. (2000) demonstrated that the

properties associated with cyclodextrin make it ideal for use as a remedial

flushing agent for subsurface immiscible-liquid contamination. It was shown that

the most hydrophobic contaminants experience larger relative solubility

enhancement than the less-hydrophobic contaminants but have lower aqueous-
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phase solubilities. Numerical simulations of enhanced-solubilization flushing of

immiscible-liquid-contaminated soil demonstrate that the more-hydrophobic

compounds exhibit the greatest mass removal rates due to their greater apparent

solubilities and are thus initially more effectively removed form soil by enhanced-

solubilization flushing agent. However, the relatively more hydrophobic

contaminants exhibit a greater improvement in contaminant mass-removal

(compared with water flushing) than that exhibited for the relatively hydrophilic

compounds (McCray et al., 2000).

A series of column and batch experiments were conducted by Boving and

Brusseau (2000), using several solubilization agents, to investigate enhanced-

solubilization and removal of residual TCE in porous media. Boving and

Brusseau (2000) examine the use of two surfactants (SDS and DOWFAX 8390),

dissolved organic matter (DOM), a cosolvent (50% ethanol), and two forms of

cyclodextrin (HPCD and MCD), for the removal of TOE in porous media. All of

the flushing agents tested, significantly enhanced the solubility of TOE, reducing

the total flushing volume necessary for the removal of TCE as compared to that

of water flushing (Boving and Brusseau, 2000). On a mass-efficiency basis,

dodecyl sulfate sodium salt (SDS), a surfactant, outperformed all other agents

used in this study, whereas dissolved organic matter (DOM) provided the best

performance on a molar-efficiency basis. However, HPCD and DOM caused no

mobilization, whereas both surfactants (MOD and DOWFAX), and ethanol

solutions caused mobilization of residual TCE.
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The potential use of cyclodextrin for the bioremediation of soil was

investigated by Gruiz et al. (1996). A methylated 13-cyclodextrin (RAMEB),

ranging in concentration (0.1-5%) was applied (batch study) to soils

contaminated with diesel, mineral oil, polycyclic aromatic hydrocarbons and

transformer oil containing polychlorinated biphenyls. These researchers

investigated the effects of adding cyclodextrin on increasing the bioavailability of

low-polarity organic contaminants on biodegradation and also on toxicity of the

pollutant on soil microbes and plants (Gruiz et al., 1996). Gruiz et al. (1996)

conclude that the application of cyclodextrin in soil bioremediation resulted in an

increase in the efficiency of biodegradation of hydrocarbons, and reduced soil

toxicity positively influencing both degrading microbes and plants growing in

contaminated soils.

As discussed above, an ample number of laboratory studies investigating

cyclodextrin (complexing sugars) as an enhancement-agent for remediating

immiscible liquids in the subsurface has evolved from an initial phase of physical

characterization and applied feasibility to dynamic flushing experiments

investigating contaminant removal and effects on bioavailability on contaminant

biodegradation. However, compared to the breadth of laboratory experiments,

the number of field-scale studies is much more limited. The research presented

on field-scale studies incorporating cyclodextrin as a solubilization-enhancement

agent, however, have also evolved from pilot-scale demonstration using a single

pulse of remedial HPCD solution and implementation of cyclodextrin under a
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vertical recirculation scheme to a pilot-scale demonstration implementing reagent

(cyclodextrin) recovery and reuse and even field-scale application implementing

the re-concentration of cyclodextrin in a more realistic uncontrolled setting.

The first field-scale test using cyclodextrin (complexing sugar flush-CSF),

conducted by McCray and Brusseau (1998), investigated the effectiveness of

cyclodextrin on the removal of a multicomponent immiscible liquid from an

aquifer. The 10% cyclodextrin solution increased the aqueous concentrations of

all target compounds to values from about 100 to 20,000 times the

concentrations obtained during a water flush conducted immediately prior to the

CSF. McCray and Brusseau (1998) show that the degree of solubility

enhancement was greater for the more-hydrophobic contaminants. Conversely,

the relative mass removal was greater for the less-hydrophobic contaminants

due to their generally higher apparent aqueous solubilities. An analysis of soil

core data before and after the complexing sugar flush (CSF) determined that

there was a 41% mass-removal which is consistent with a 44% mass-removal

determined by the results of pre-and-post-partitioning tracer tests (McCray and

Brusseau, 1998).

As a means to better understand the mechanisms of cyclodextrin-

enhanced multicomponent immiscible-liquid dissolution at the field scale, McCray

and Brusseau (1999) developed a theoretical relationship describing enhanced-

dissolution of multicomponent immiscible liquid to analyze field data. Although

immiscible-liquid dissolution was very complex, it was observed that most of the
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target contaminants were within a factor of 2 of the equilibrium values predicted

by the ideal enhanced dissolution theory (McCray and Brusseau, 1999). This

suggests that the dissolution of multicomponent immiscible liquid during the

cyclodextrin flush may be treated as an ideal, equilibrium process and that the

observed behavior was predicted well by the enhanced multicomponent

immiscible-liquid dissolution theory (McCray and Brusseau, 1999). For this

reason, as suggested by McCray and Brusseau (1999) the dissolution theory

incorporated in this paper may be helpful in the design and evaluation of other

enhanced-flushing application involving multicomponent immiscible liquid.

The first field-scale application incorporating the use of cyclodextrin into

an innovative vertical circulation scheme was implemented to increase the

removal rate of a residual TCE source zone in the subsurface (Blanford et al.,

2002). A dual-screened vertical circulation well was used to inject and extract a

20% solution of cyclodextrin (HPCD) into a target TCE immiscible-liquid source

zone. The results of the test indicated that the HPCD solution increased the rate

of TCE removal from the aquifer producing enhanced-concentrations 3 times that

compared to water flushing conditions (Blanford et al., 2002). This vertical

circulation technique demonstrated significant removal of TOE and it showed to

be promising for source zone immiscible-liquid contaminant removal.

A field-scale application using cyclodextrin to enhance the solubility of a

mixed immiscible-liquid contamination site was conducted to improve the

removal of target contaminants by enhanced-dissolution (Boving et al., in
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submission). The increased complexity of this site not only involved the nature of

the mixed immiscible-liquid contamination but also the conditions of a more

realistic contamination site. This experiment included the first use on permeable

membranes to re-concentrate the cyclodextrin solution and separate the target

contaminant from the cyclodextrin flushing solution. The cyclodextrin solution

increased the aqueous concentrations of all target compounds significantly and

thus increased the efficiency of mass removal as compared to water flushing

conditions (Boving et al., in submission).

In a study conducted by Alter et al. (2003), tracer test were used to

evaluate the effects of a complexing sugar flush (CSF) on the in-situ

biodegradation potential at a filed site contaminated with jet fuels, solvents, and

other organic compounds. A 10% cyclodextrin solution was used during the

CSF. In-situ biodegradation potential was assessed with the use of tracer tests,

which were conducted prior to, and immediately following the CSF study.

Ethanol, hexanol, and benzoate were used as the biodegradable tracer while

bromide was used as the nonreactive tracer. The results of the tracer test

indicate that the complexing sugar flush did not impede microbial activity and

associated in-situ biodegradation potential. Overall, the magnitude of

biodegradation of the biotracers was greater after the CSF study. This, in

combination with the evidence of active microbial populations present after the

study, suggests that the CSF remediation technology may have enhanced
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biodegradation potential, at least for some of the lower molecular weight

hydrocarbons (Alter et al., 2003).

A general mathematical model was developed to simulate the enhanced-

solubilization process for various chemical agents, including cosolvents,

surfactants, natural organic matter, and complexing agent such as cyclodextrin

(Ji and Brusseau, 1998). The model takes into account enhanced-dissolution

theory of immiscible liquids using a range of typical enhanced-solubilization

agent, as mentioned previously. The model can account for contaminant present

in dissolved, sorbed, and immiscible liquid phases. An evaluation of the model is

conducted by comparing simulations to the results of two laboratory experiments.

This model provides a means to quantitatively evaluate the enhanced-

solubilization remediation of organic compounds by various enhanced-

solubilization agent such as cyclodextrin (Ji and Brusseau, 1998).
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CHAPTER 3. IMMISCIBLE-LIQUID SOURCE ZONES ON DISSOLUTION
RATES

Abstract

The influence of saturation (magnitude), distribution, and source-zone

length on the dissolution of immiscible-liquid trichloroethene (TCE) was

investigated by conducting dissolution experiments using columns of five lengths

(5 cm, 7 cm, 15 cm, 25 cm, and 80 cm). Four different column lengths were

homogeneously packed with a moist sand (20/30 mesh) into which was pre-

mixed a quantity of TCE sufficient to form a residual saturations ranging from 7-

24%. An additional set of columns (7 cm and 25 cm) were packed with a

heterogeneous distribution of quartz sand upon which TCE was emplaced by

imbibing the immiscible liquid, under stable displacement conditions, to simulate

a spill-type process. A 0.01 N CaCl2 electrolyte solution was flushed through the

columns at a pore water velocity of 30 cm/hr to affect dissolution. A period of

steady-state dissolution followed by a rapid decline in aqueous concentrations

was observed for all experiments. A one-dimensional model coupled to an

optimization program was calibrated to the measured data to obtain optimized

values for the initial dissolution rate coefficient. The model accounts for changes

in the rate coefficient associated with changes in pore-water velocity and

immiscible-liquid saturation with time.	 The magnitude of immiscible-liquid

saturation had an insignificant affect on dissolution rate. 	 It is difficult from the

data to determine whether the heterogeneous porous medium (heterogeneous

immiscible-liquid distribution) had an effect on initial dissolution rates, however, it
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was evident that the heterogeneous porous media distributions had an impact on

dissolution as observed from the elution curves. The 7 cm column showed

consistency to previous column results, however the 25 cm column resulted in a

low dissolution rate coefficient. Immiscible-liquid-emplacement method (imbibing

vs. mixing) does not seem to affect dissolution rate. Resulting mass-transfer

coefficients, determined from model optimization were shown to be similar in

magnitude for each length scale (column length) for both homogeneous and

heterogeneous quartz sand packings, with the exception of one heterogeneously

packed column (25 cm). This result shows that the length scale of the system

does not affect the mass transfer between the immiscible-liquid phase and the

aqueous phase, at least at under the conditions of these experiments. The

magnitude of TOE saturation does not seem to affect the dissolution rate,

observed by the model predicted dissolution rate coefficients. However, there

are three column results (two-25 cm and one-15 cm) that deviate from the

majority of the experiments. The results from this work indicate that immiscible-

liquid dissolution is not significantly dependent on the magnitude of immiscible-

liquid saturation, immiscible-liquid distribution, or source-zone scale dependence

under the conditions of these experiments. These findings are not consistent

with some previous research, which indicates that a length factor must be

incorporated to describe dissolution. The contribution from the experiments

conducted herein, are significant due to the fact that dissolution can be described

without any dependence on immiscible-liquid source zone length, distribution, or
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saturation. These findings are important for understanding the processes related

to immiscible-liquid dissolution at the column-scale.

Introduction

Soil and groundwater contamination by hazardous organic chemicals is a

significant problem and poses serious risks to human health and the

environment. Immiscible organic liquids are associated with numerous

hazardous waste sites (Mercer and Cohen, 1990). Examples of immiscible-

organic-liquid contaminants include chlorinated solvents, hydrocarbon fuels,

polychlorinated biphenyls, and coal tar. The presence of immiscible organic

liquids is generally considered the single most important factor limiting

remediation of sites contaminated by organic compounds (NRC, 1994). Zones of

immiscible-liquid saturation serve as a long-term source of contamination as it

dissolves into the aqueous and vapor phases.

Knowledge of immiscible-liquid dissolution behavior is critical for predicting

contaminant transport, conducting risk assessments, and implementing

appropriate remediation strategies for sites contaminated by immiscible liquids.

Previous laboratory-based research has contributed significantly to our

understanding of how local-scale factors (e.g., interfacial mass transfer, size and

morphology of individual ganglia, and local-scale ganglia distribution) influence

the dissolution process. Recently, it has been reported that first-order dissolution

rate coefficients obtained from analysis of immiscible-liquid dissolution

experiments may be dependent on the length of the immiscible-liquid source
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zone (Imhoff et al., 1994; Saba and Illangasekare, 2000). Specifically, the first-

order dissolution rate coefficient has been observed to decrease with increasing

length of the source zone (Saba and Illangasekare, 2000). This phenomenon

would be a critical aspect of determining/estimating dissolution rate coefficients

for characterizing immiscible-liquid dissolution behavior. The objective of this

research is to investigate whether this phenomenon is inherent to the dissolution

process or is rather due to experimental artifacts such as dissolution fingering.

Materials and Methods

Materials

A series of column experiments were conducted to quantify immiscible

liquid dissolution rates for different length scales. Five column lengths were

used: 5 cm, 7 cm, 15 cm, 25 cm, and 80 cm. Two columns were borosilicate

glass (Kontes 0) columns (5 cm and 15 cm lengths), both with a 2.5 cm inner-

diameter (I.D.), and three were stainless steel columns (7 cm and 25 cm length;

2.2 cm I.D; 80 cm, 4.5 cm ID.). The columns were designed to have minimum

void volume in the end plates.

The first set of columns were packed with a 20/30 mesh sand (Unimin

Corporation). Particle diameters, uniformity coefficients, particle densities, and

permeabilities of the sand are listed in Table 3.1. The sand has an average

porosity of 34%, a bulk density of 1.78 g cm -3 , and an organic carbon content of

0.03%. The second set of columns were packed with a heterogeneous mixture
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of quartz accusand (Unimin corporation). Particle diameters, overall uniformity

coefficient, and grain size distributions of the sand are listed in Table 3.2.

Analytical grade TCE (> 99% purity), purchased from Aldrich Chemical

(Milwaukee, WI), was used as the representative immiscible liquid. Calcium

chloride dihydrate (CaCl2 • 2N20; <99% purity), purchased from Spectrum

Chemical Mfg. Corporation (Gardena, CA), was used to prepare a 0.01 N

calcium chloride electrolyte solution.

Experimental Procedures

For the first set of (homogeneous packed sand columns), a pre-

determined quantity of water was homogeneously mixed into a known amount of

sand to establish an approximately 10% volumetric water content. A pre-

determined quantity of TCE was then mixed into the moist sand to create a

uniform immiscible-liquid distribution targeted at 12% saturation. Finally, the

columns were packed in incremental steps to establish uniform bulk density.

This method of column preparation was used to promote development of uniform

distributions of TCE saturation, thereby minimizing potential nonideal dissolution

phenomena such as dissolution fingering. In addition, this method prevents the

trapping of liquid TCE in the column end plates that can occur with the imbibition

method. However, to test different emplacement methods a few experiments

incorporated the imbibing of immiscible liquid (homogeneous sand mixture and

heterogeneous sand mixture. Researchers investigating immiscible-liquid

dissolution define the method of imbibition as introducing the immiscible liquid,
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under a stable displacement process, at a relatively low flow rate usually using a

syringe pump.

Once the mixed residual-columns were packed, they were slowly

saturated with the CaCl2 electrolyte solution that contained dissolved TCE

(solubility = 1,100 mg/L) to prevent TCE mass removal. The columns were

saturated from the bottom using single-piston pumps (Scientific Systems, SSI

Model 300 LC; and Acuflow Series II Pump). Once the columns were saturated,

the electrolyte solution, devoid of TCE, was pumped into the bottom of the

column at a pore water velocity of 30 cm/hr to affect dissolution.

The second set of columns were packed with a heterogeneous sand

mixture and saturated with 0.01 N CaCl2 solution for at least 24 hours. After the

columns (heterogeneous sand mixture) were fully saturated a known amount of

TCE was imbibed using a syringe pump. Once this process was completed, the

electrolyte solution, devoid of TCE, was pumped into the bottom of the column at

a pore water velocity of 30 cm/hr to affect dissolution.

It is expected for these experiments, that the homogeneously packed,

mixed residual experiments would produce the most ideal dissolution while the

heterogeneous packed, imbibed residual experiments would produce the most

non-ideal dissolution. These experiments were designed to evaluate a range of

dissolution scenarios.

Column effluent samples were collected in glass syringes, diluted

depending on the concentration range, and immediately analyzed to minimize
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volatilization losses. Samples were analyzed using a UV-Vis Spectrophotometer

(Shimadzu UV-1601) at a wavelength of 210 nm. Samples were also

simultaneously collected in no-headspace direct inject vials for analysis using a

gas chromatograph equipped with a flame ionization detector (Shimadzu, GC-

17A).

The dissolution experiments were terminated once the effluent

concentrations of TOE decreased to approximately 1 mg/L (approximate

quantifiable detection limit for analysis). After selected experiments, the porous

media was removed from the column and extracted with both methanol and

dichloromethane. The extracts were then analyzed by gas chromatography to

measure the amount of TOE remaining in the column, which in all cases was

negligible.

Mathematical Modeling

A one-dimensional model coupled to an optimization program was

calibrated to the measured data to obtain optimized values for the initial

dissolution rate coefficient. The model incorporates a function to account for

changes in the rate coefficient associated with changes in pore-water velocity

and immiscible-liquid saturation with time. The mathematical model was used to

simulate steady-state flow, immiscible-liquid dissolution, and solute transport in

the columns. The governing equation for solute transport with dissolution of

immiscible liquid is given by (e.g., Zhang and Brusseau, 1999):
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where C is the aqueous concentration of solute; Oa is the fractional volumetric

water content; ON is the fractional volumetric content of the immiscible liquid

phase; pN is the density of the immiscible liquid; q is the Darcy velocity through

the column; D is the dispersion coefficient; x is the Cartesian coordinate in one-

dimension; and t is time. Sorption of TCE by the media used in these

experiments is negligible, and is therefore ignored.

Immiscible-liquid dissolution is described with the widely used first-order

mass transfer equation (Miller et al., 1990; Powers et al., 1992, 1994; Imhoff, et

al., 1994):
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where ka is a lumped mass transfer rate coefficient for dissolution, and Cs is the

aqueous solubility of the immiscible liquid. As shown by several investigators,

the magnitude of ka is dependent on many factors, including pore-water velocity

and porous media properties. In addition, the magnitude of ka will decrease with

time given that it incorporates the specific immiscible-liquid-water interfacial area,

which decreases as dissolution proceeds. The time dependency of ka (mass-

trnsfer rate) is given by the empirical relationship:
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where Re[=vpwc150/11] is the Reynolds number; Reo and kLao are the initial local

(nodal) values; aN is the calibration coefficient; the values of coefficients pi

(0.598), 13 2 (0.673), f33 (0.369), and [34 (0.518 + 0.1146 + 0.10U1) were obtained

from Powers et al. (1994) given that the porous medium used in our experiments

is physically similar to that which they used. 6 = d50/dm is a normalized grain size

parameter; U, = d60/d10 is the uniformity index for the material; aN is the

calibration coefficient; ONO is the initial volumetric fraction of immiscible liquid in

the source zone; d1 is the diameter of the media grains, 1% of which in weight are

smaller than d1; dm (= 0.05 cm) is taken as the reference diameter; D m is the

aqueous-phase molecular diffusion coefficient of the solute; v is the pore-water

velocity (q/O a); pw and 1.4 are density and dynamic viscosity of water, respectively.

The aN calibration coefficient was optimized using a non-linear least squares

approach.

Results and Discussion

The results of the dissolution experiments exhibit similar trends for all

column lengths, in which there is a period of steady-state dissolution, followed by

a fairly rapid decline in effluent TCE concentrations (Figure 3.1). This behavior

has been observed and documented previously by other researchers. The

observed reduction in effluent concentration over time is associated with the

reduction in immiscible-liquid mass retained within the porous medium and the
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corresponding decrease in total specific interfacial area across which mass

transfer can occur.

The transient-phase elution waves sharpen as the column length

increases. As observed in Figure 3.1, the elution waves for the 5-cm columns

have a lower slope than those for the longer columns (15-cm, 25-cm, 80-cm),

and therefore have shorter steady-state dissolution stages. This behavior is due

to the change in residence time associated with the use of columns of different

length, and the resultant impact on mass transfer kinetics. This effect can be

observed from the respective magnitudes of the Damkohler numbers, presented

in Table 3.3, which describes the ratio of advective residence time to

characteristic time of mass transfer. The transient-phase elution waves for the

heterogeneous packed columns (7 cm and 25 cm) exhibit significantly lower

slopes, which occur over about 200 pore volumes in comparison to only 50 pore

volumes (maximum) for the homogeneously packed columns (Figure 3.1). This

may be related to non-ideal effects (immiscible-liquid bypass, dilution,

immiscible-liquid trapped zones, or differences in the amount of interfacial area

for dissolution to occur) due to the heterogeneous grain size distribution.

These series of dissolution experiments were primarily conducted using

columns for which the immiscible liquid was thoroughly mixed with the porous

medium to create a relatively homogeneous distribution of residual saturation.

Experiments were also conducted using columns for which the immiscible liquid

was imbibed to compare the potential impact of different immiscible-liquid
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emplacement methods on dissolution behavior. The results obtained for the

imbibed method are similar to those of the "mixed immiscible liquid" experiments.

Similarly, the 7-cm heterogeneously packed column (imbibed immiscible liquid)

produced dissolution rates that were consistent to the homogeneously packed

series of experiments. However, the 25 cm heterogeneously packed column

(imbibed immiscible liquid) resulted in a lower calibrated initial dissolution rate

(kLa), inconsistent to much of the previous results. It is not known whether this is

a result of the heterogeneous grain distribution (associated immiscible-liquid

distribution) or due to the imbibition technique for emplacing the immiscible liquid.

A possible source of error might include immiscible-liquid accumulation at the

end plates of the column which may act to lower the initial dissolution rate

coefficient.

The model simulations produced good representations of the measured

TCE dissolution behavior (Figure 3.1). The optimized initial dissolution rate

coefficients fall in a similar range for the series of experiments (Table 3.3). The

similarity of initial kLa values obtained for the experiments conducted using

different column lengths suggests that there is no source-zone length

dependence for immiscible-liquid dissolution under these conditions. It is

interesting to note, that even with the varying degree of immiscible-liquid

saturations associated with these experiments, a similar range of initial

dissolution rate coefficients were obtained. This indicates that the magnitude of
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immiscible-liquid saturation, under the varying degree of these experiments, does

not significantly affect the rates of dissolution.

As noted above, an apparent dependence of ka on source-zone length

has been observed in previous research. Specifically, the first-order mass

transfer (dissolution rate) coefficient has been observed to decrease with

increasing length of the source zone (Imhoff et al., 1994; Saba and

Illangasekare, 2000). A source-zone length factor was incorporated into the

Sherwood correlation to account for these observations. When applied to our

experiments, the initial dissolution rate coefficients predicted with the Saba and

Illangasekare (2000) correlation decrease with increasing column length, varying

by approximately a factor of 20 for the 5 cm and 80 cm lengths. This length-

dependent variability is not consistent with the results of our experiments. The

differences in the magnitude of mass-transfer rate coefficients may be related to

the fact that dilution, bypass flow, and immiscible-liquid distribution were not

accounted for in the Saba and Illangasekare (2000) model. Similarly, the initial

dissolution rate coefficients predicted with the Imhoff et al. (1994) correlation

decrease with increasing column length, varying approximately by a factor of 2.4

for the 5 cm and 80 cm lengths. This effect may be a result of dissolution

fingering from the method of immiscible-liquid emplacement (imbibition) or may

be related to the short residence time associated with the length of the columns

and the resultant impact on mass transfer kinetics. The reasons for the

differences in mass-transfer coefficients determined from these correlations are
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unclear. However, it is hypothesized that the observed length-scale dependence

may be attributed to processes such as dissolution fingering, dilution, or bypass

flow as related to the distribution of the immiscible-liquid and not actual mass-

transfer behavior from the immiscible-liquid to the aqueous phase. Conversely,

values estimated using the correlation presented by Powers et al. (1994) were

similar to our measured values.

It has been suggested that the apparent length scale effects observed by

Imhoff et al. (1994) may be an artifact of dissolution fingering (Imhoff et al.,

1996). In addition, Saba and Illangasekare (2000) note that dissolution fingering

appeared to have occurred in their experiments. In our study, similar dissolution

rate coefficients were obtained for the different source zone lengths. The

experiments reported herein employed homogeneously packed columns

designed to minimize dissolution fingering and other non-ideal behavior. In

addition, experiments were conducted using heterogeneously packed columns

using imbibing techniques to emplace the immiscible liquid. It was expected for

these experiments, that the homogeneously packed, mixed residual experiments

would produce the most ideal dissolution while the heterogeneous packed,

imbibed residual experiments would produce the most non-ideal dissolution.

These experiments were designed to evaluate a range of dissolution scenarios.

The results suggest that the magnitude of immiscible-liquid saturation,

heterogeneous grain size distribution (immiscible-liquid distribution), and source

zone length do not significantly affect initial dissolution rate under the conditions
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of these experiments. This suggests that the previously observed scale-

dependent dissolution behavior may indeed be related to non-ideal dissolution

phenomena. However, there is an observable difference between the shape of

the elution curves, not only suggesting a residence time dependence, but also a

kinetic (mass-transfer) dependence associated with the heterogeneous packed

column. This evident by comparing the homogeneous packed columns elution

behavior to the heterogeneous packed columns elution behavior. The observed

differences in the heterogeneous curves may indicate that there is some

dependence on dissolution, at least under transient conditions.
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CHAPTER 4. IMMISCIBLE-LIQUID CHARACTERIZATION USING
PARTITIONING TRACER TESTS AT THE FIELD SCALE

Abstract

The partitioning tracer method is frequently used to characterize

immiscible-liquid distribution/location and determine immiscible-liquid quantity

present in the subsurface. Partitioning tracer tests (PTT), typically performed in

previously contaminated field sites, are often used to estimate immiscible-liquid

quantity in the subsurface. However, factors such as tracer mass loss, sorption,

and rate-limited processes may limit the accuracy and effectiveness of

partitioning tracer tests. For the few partitioning tracer tests performed wherein

the tracer-derived estimates were compared to independent measurements, the

latter were typically determined analyzing soil-core data. The reliability of using

soil-core data as a means to determine immiscible liquid quantity is a concern

due to the uncertainty associated with of using point measurements to describe a

much larger domain. This partitioning tracer test was implemented with the

specific interest of comparing the PTT-estimated immiscible liquid quantity to a

known injected immiscible liquid quantity. This field experiment presented the

rare opportunity, under strict regulatory guidance, to inject tetrachloroethene

(PCE) into a surficial, well-contained aquifer test cell. A seven pore-volume

partitioning tracer test (PTT) was conducted to quantify the amount of PCE within

the test cell. Due to the fact that the amount (71.3 L) of PCE released into the

test cell was known, it was possible to evaluate the effectiveness of the PTT
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under the conditions specific to the site. The partitioning tracer data were

adjusted to account for observed tracer mass loss. In addition, the tracer data

were corrected for sorption. The volume of tetrachloroethene (25 liters and 57

liters) estimated from analysis of the PTT results for the two most retained

tracers, represents 35% and 80% of the total actual amount of PCE present in

the test cell. This suggests a portion of PCE may not have been hydraulically

accessible to the tracers. The results of mathematical modeling indicate that the

partitioning tracers may have experienced rate-limited partitioning (apparent

irreversible partitioning), leading to nonideal transport and reduced mass

recoveries. The observed behavior is consistent with the nonuniform distribution

of PCE that was created in the test cell due to the emplacement method

employed. The uncertainties influencing this PTT associated with the low cell-

wide effective PCE saturation, and the impacts of tracer mass loss and tracer

sorption, resulted in significant uncertainty in the immiscible liquid volume

estimates. These results suggest that careful selection of tracers and a thorough

understanding of tracer transport behavior is essential for the proper evaluation

of tracer data. These results also suggest that it may be necessary to test tracer

behavior under site-specific conditions.

Introduction

Soil and groundwater contamination by immiscible phase liquids is a

widespread and pervasive problem. Immiscible liquids present in the subsurface

can act as long-term sources of both vapor-phase and groundwater
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contamination. The presence of immiscible liquid in the subsurface has been

recognized as the most important factor limiting cleanup of sites contaminated by

organics (NRC, 1994). Typically, these forms of organic contaminants

(immiscible liquids) have extremely low aqueous solubilities and slowly dissolve

into soil-water or groundwater persisting in the environment for years or even

decades. However, regulatory standards deemed unsafe for many of these

contaminants are typically much lower than their respective aqueous solubilities.

As a result, contamination of soil and groundwater can impact drinking water

supplies and thus deleteriously affect human health and the environment.

Restoring groundwater to regulatory standards using conventional technologies

(e.g., pump-and-treat) has proven to be ineffective at most sites contaminated

with immiscible liquid. For these reasons, immiscible-liquid quantity, distribution,

and occurrence must be well characterized for the successful design and

implementation of a full-scale remediation effort.

Current methods used for characterizing immiscible liquid in the

subsurface include soil-core extraction, cone-penetrometer testing, and

monitoring wells. The scale at which they can measure and detect discrete

immiscible-liquid zones limits these methods. These methods sample low

representative volumes and thus are often not feasible to for proper

characterization. The partitioning tracer test (PTT) is an alternative method that

can effectively sample much larger volumes, providing globally averaged
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estimates of immiscible-liquid quantity, distribution, and occurrence in the

subsurface.

The partitioning tracer test is used to determine the presence of

immiscible liquid in targeted zones of the subsurface. This method relies on the

comparison of travel times of one or more partitioning tracers to that of a

conservative (non-partitioning) and tracer. Organic fluid phases reversibly retain

the partitioning tracers, which retards its transport with respect to that of the

conservative tracer. For a given partitioning tracer, the magnitude of retardation

is correlated to the amount of immiscible liquid encountered. In this respect, the

scale of the test can be designed accordingly, increasing the ability to sample

relatively large volumes.

Factors that can limit the effectiveness of the partitioning tracer method

include subsurface heterogeneity, variable distributions of immiscible liquid,

tracer mass loss, rate-limited mass-transfer and sampling method (Nelson et al.,

1999). For example, the tracers may preferentially flow around immiscible-liquid

zones due to porous media heterogeneity (low permeability unit) or permeability-

reduced zones associated with the immiscible liquid. In addition, the tracer may

not fully contact immiscible liquid trapped in low permeability units. These factors

can affect the partitioning tracer results by underestimating the quantity of

immiscible liquid in the subsurface.
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Background

The use of partitioning tracer tests to measure immiscible organic-liquid

saturation in the subsurface was developed by the petroleum industry in the

1970's as a means to determine residual oil saturation in oil fields (Cooke, 1971;

Deans, 1971). Since then, numerous partitioning tracer tests have been

conducted for this purpose, as reviewed by Tang (1995). The use of the

partitioning tracer method for measuring immiscible-liquid contamination in

environmental systems was initially demonstrated in the laboratory by Jin et al.

(1995) and Wilson and Mackay (1995). Both groups of investigators showed that

partitioning tracer tests provided accurate estimates of the volume of chlorinated

solvents emplaced in sand-packed columns. The first pilot-scale partitioning

tracer test was conducted at Hill AFB in Utah (Rao et al., 1997; Annable et al.,

1998a). Since then, several pilot-scale partitioning tracer tests have been

conducted as part of studies to evaluate innovative subsurface remediation

technologies (e.g., Jawitz et al., 1998; McCray and Brusseau, 1998; Blanford et

al., 1999; Brown et al., 1999; Falta et al., 1999a, 1999b, Cain et al., 2000;

Meinardus et al., 2002; Brooks et al., 2002). The first full-scale field application

of the partitioning tracer method for characterizing immiscible-liquid

contamination was conducted at a Superfund site in Tucson, AZ (Nelson and

Brusseau, 1996).

The demonstration project was conducted at the Dover National Test Site,

within the confines of Dover Air Force Base (DAFB), Dover, Delaware. Soil-core
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extractions are typically conducted to assess the effectiveness of the partitioning

tracer test performance. Soil-core extractions sample relatively small

representative volumes and may not provide an accurate measure of actual

immiscible liquid present in the subsurface. For this reason it may be difficult to

assess the performance of the partitioning tracer test based on soil-core data.

This experiment allowed for critical evaluation of the partitioning tracer method to

estimate immiscible-liquid quantity in the subsurface when the amount of

immiscible liquid in the subsurface is known. For this reason, robust mass-

balance calculations could be determined which is usually problematic for most

sites.

Materials and Methods

Site Description

The field site is located on the Dover Air Force Base, Dover, Delaware,

5.8 km southeast of the city of Dover, Kent County, Delaware. The

hydrogeologic unit of concern, the Columbia Formation, is a shallow, unconfined

aquifer that consists of medium to fine sands with interbedded gravels, silts, and

clay lenses. Depth to groundwater in the Columbia Formation can vary between

4.5 and 7.6 meters and the saturated thickness of this unit varies between 4-7

meters. Within the test cell specifically, the saturated thickness varied between

2.97-3.03 meters. The Columbia Aquifer is underlain by an aquitard (Calvert

Formation) within 9 to 12 meters of the surface. This clay unit varies in thickness

from 5.5 to 8.5 meters, with an average of 6.7 meters under the DAFB.
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Based on pumping tests conducted at the test site determined that the

saturated portion of the aquifer has average horizontal hydraulic conductivities

ranging between approximately 8x10 -4 and 5x10 -2 cm/s, which correspond to

laboratory permeameter tests conducted with sediment samples from the site

(Dames and Moore, Inc., 1993). Small-scale vertical variations in hydraulic

conductivity have been found to range as much as 2.5 orders of magnitude, and

may be related to changes in soil type. Porosities between 17 and 28% were

estimated from the results of conservative tracer tests and field measurements

conducted at the site (Dames and Moore, Inc., 1993; MSE Technology

Applications, Inc., 1999; Brooks et al., 2002).

Test Cell and Controlled PCE Release

An enclosed cell was used for this experiment to provide a controlled and

contained system for assessment of target contaminant mass-balance and

partitioning tracer test performance. The 3 m by 4.6 m area cell was enclosed by

sealed 9.5-mm thick steel sheets that were driven into the clay layer (Figure 4.1).

The test cell is fully contained within a larger secondary cell also installed with

sealed sheets driven into the clay layer. This secondary cell containment was

designed as a safety measure to mitigate contaminant release to the

environment.

The demonstration project was implemented using a controlled chemical

release. This aspect of the project is critical because it allows for mass-balance
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calculations and robust assessments of the partitioning tracer test performance.

U.S.E.P.A. personnel performed the controlled release. To simulate a more

realistic field scenario, the amount of POE injected into the test cell and the

spatial distribution was not provided to the investigators until after project

completion. A total of 71.3 liters of pure-phase POE was present in the test cell

prior to the initiation of the study.

Partitioning Tracer Test: Experimental Setup

The well field comprised a line of three injection wells at one end of the

cell and a line of four extraction wells at the opposite end of the cell. Injection

well D1252 was inoperable and thus could not be used as a result of a collapsed

well casing. The injection and extraction wells (5.1 cm in diameter) were

constructed of PVC, and were fully screened over the saturated thickness of the

aquifer. The injection wells (D1251, D1253, D1254) included packers (1.4 m

long) that were placed near the water table (10.5 meters below the top of the

casing) to ensure fluids were injected only into the saturated zone. A peristaltic

pump (Master Flex UP from Cole-Parmer, model no. 7549-52) was used to

supply flow to the three injection wells with one pump head (Easy-Load

Masterflex; Cole-Parmer, model no 7529-60). The peristaltic tubing (Masterflex;

Cole-Parmer, Norprene 06402-82) was replaced daily to decrease instabilities in

flow rates due to tubing wear. The flow rate was controlled with individual needle

valves (Whitney Co.) and monitored with flow meters (Cole-Parmer, model N044-

400). Each extraction well was fitted with its own bladder pump (Marschalk
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Corp., Raleigh, NC), which were automated using a Marschalk pump controller

(Series 99000 Programmable controller). The flow was regulated by a series of

alternating vacuum and pump cycles. An automated system was configured to

regulate the influent flow in which a pressure transducer/datalogger system was

integrated in series to a relay switch and the influent pump. The datalogger

(Hermit 3000, In-Situ, Inc.) was programmed and coupled to the influent pump so

that pumping could be automatically regulated to maintain the prescribed water

table level tolerances. The pressure transducer (PXD-261, serial # 06398; In-

Situ, Inc.) was placed near the center of the test cell. Water level measurements

were also collected manually using an interface sounder. Water levels in the test

cell never fluctuated more than 15 cm at any time during the test.

The partitioning tracer test consisted of a seven pore-volume (86,000 L)

flush, which included a 24.3-hour injection pulse of a selected suite of tracers.

The initial pulse of tracer solution comprised approximately 3,030 liters,

equivalent to approximately 0.25 of a pore volume. The pore volume (12,000 L)

was determined from test cell dimensions and measured porosity (0.28) for the

site (Dames and Moore, Inc., 1993; MSE Technology Applications, Inc., 1999;

Brooks et al., 2002). The 23-day PTT was conducted under steady-state flow

conditions with an average combined flow rate of 2.6 liters per minute. The flow

rate was monitored and adjusted throughout the tests to maintain the water table

in the enclosed cell at about 9.4 meters bgs (saturated thickness of —3 meters).



96

Initial Conditions: Tracer Suite, Input Pulse, and Concentrations

A suite of nonreactive and reactive (partitioning) tracers were

injected as a solution pulse at the initiation of the PTT experiment. The suite of

tracers included potassium iodide, methanol, 2-methyl-2 -propanol (tert-butyl

alcohol), n-hexanol, 2,4-dimethy1-3-pentanol, 2-octanol, and 3,5,5-trimethy1-1-

hexanol (Table 4.1). Iodide, methanol, and tert-butyl alcohol (TBA) were used as

non-reactive tracers, while 2-octanol, n-hexanol, 2,4-dimethy1-3-pentanol, and

3,5,5-trimethy1-1-hexanol were used as partitioning tracers. The suite of tracers

were chosen based on their individual chemical properties and their respective

abilities to either partition or not partition to the immiscible liquid present in the

test cell. Due to the fact that no more than 100 liters of PCE were allowed to be

present in the test cell, the global immiscible-liquid (PCE) saturation was

expected to be relatively low. The tracers with relatively higher immiscible-liquid-

water partition coefficients would thus experience more retardation and therefore

be expected to yield more reliable PCE volume estimates. For each tracer, a

predetermined quantity was determined and added to a 3,785 liter storage tank

containing 3030 liters (-0.25 pore-volumes) of potable water to achieve desired

initial concentrations (Tables 4.2 and 4.3). The tracer solution was thoroughly

mixed using a sump pump for 24 hours prior to the start of the PTT experiment.

Sampling and Analysis

Aqueous samples were collected at each extraction well during the PTT

(D1241, D1242, D1243, D1244) to monitor for tracer concentrations. The
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samples were collected with no headspace in 40 mL glass vials with Teflon-lined

caps. Samples were stored in the dark at 4 degrees °C until analysis. No

evidence of separate-phase immiscible-liquid POE was ever seen for any of the

samples.

The extraction-well samples were sub-sampled into 2-mL direct inject vials

and prepared for tracer analysis. Alcohol tracer concentrations were determined

with a gas chromatograph (Hewlett-Packard 5880A), equipped with a flame

ionization detector, connected to a direct inject autosampler (HP 7673A). The

alcohol compounds are separated on DB624 capillary column connected with a

guard column. The quantifiable method detection limit for these alcohol tracers

ranged from was approximately 0.1-0.7 mg/L. Iodide was analyzed using

capillary electrophoresis, Lachat Flow Analysis, and Mettler DL21 Autotitration.

The analysis method relies on the reduction of ceric ions by an arsenite ion is

catalyzed by soluble iodide in an acidic medium. The reduction of the ceric ions

produces an absorbance that is proportional to the concentration of iodide in the

samples. The method detection limit is 2 jAgL -1 .

Tracer Data Analysis

The procedure for estimating immiscible-liquid saturation, Sn, involves

calculation of a retardation factor (R) for the partitioning tracer, which is done by

a comparative moment analysis with the conservative (nonreactive) tracer. The

retardation is defined as the quotient of the travel times of the partitioning and

conservative tracers. With knowledge of R and the immiscible-liquid-water
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partition coefficient (K.), Sn can be calculated, assuming no sorption (Brusseau,

1992): R=1+
sn

sn >fn- 
The form of the equation accounting for sorption is shown below:

R=1+ 
S„ 

K,
w
 + )9'	 Kd where Pb is the bulk density, O w is the volumetric
 Ow(1 — S )_	 n _

water content, and Kd is the distribution coefficient , immiscible-liquid-water

partition coefficients (Knw) are determined in the laboratory by conducting

equilibrium batch experiments. A determined amount of representative

immiscible liquid is mixed with a determined range of tracer-water concentrations

and volume, and subsequently capped (no-headspace if volatile) and let to

equilibrate with the immiscible liquid. K. [-] is defined as the ratio of the amount

of tracer partitioned to the immiscible liquid (removed from aqueous phase) to the

amount of tracer remaining in the aqueous phase. The immiscible-liquid

saturation (S n) is defined as the volume of pore space filled by immiscible liquid

amount of immiscible liquid comprising the pore space of a system.

A detailed examination of the tracer data was performed using moment

analysis to determine immiscible-liquid (PCE) saturation and immiscible-liquid

volume present within the test aquifer (enclosed cell). To examine the tracer

data thoroughly, an analysis was conducted to compare the tail-extrapolated

breakthrough curves to non-tail-extrapolated curves. Frequently, researchers
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perform tail extrapolations on breakthrough data due to constraints associated

with truncated elution tails when extended sampling is not feasible. Tail

extrapolation in such cases is considered to produce more accurate parameters

(e.g. mean travel times, retardation factors, and recoveries) and can in many

cases change the results significantly (Pope et al., 1995; Jin et al., 1995; 1997;

Annable et al., 1998). In the work presented herein, tail-extrapolations of the

breakthrough curve (BTC) data, incorporating regression functions, were

conducted to evaluate tracer mean travel times, tracer recoveries, and

retardation factors. An analysis of the data would then allow for the

determination of PCE saturation and PCE volume present in the test cell.

An important aspect of this analysis also included examining the influence

of tracer mass loss on both tail-extrapolated and non-tail-extrapolated tracer

breakthrough curves. The effects of tracer mass loss can influence parameters

such as mean travel times, retardation factors, and recoveries as determined by

moment analysis (Annable et al., 1998; Cain et al., 2000; Brooks et al., 2002).

To provide an estimate of mean travel times, retardation factors, recoveries, and

immiscible-liquid saturation/PCE-volume, a correction for tracer mass loss was

performed. An assumption of simple first-order mass loss was used in

conjunction with an estimated mass-loss rate (decay) constant to recover the

injected tracer mass. The tracer concentration measurements in the

breakthrough curve were adjusted using (Brooks et al., 2002):

_ C !was 

adj 	
e

-kt
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where Cmeas .si the measured concentration, Cadj is the estimated concentration

with no mass loss, k is the decay coefficient, and t is the time that the sample

was collected after the mean of the tracer pulse injection. In recalculating the

zeroth moment of each tracer, the decay coefficient was adjusted to achieve a

100% mass recovery. This approach required two critical assumptions: 1) the

tracer mass loss is assumed to follow first-order kinetics; and 2) a single k value

represents the entire cell.

Adjusting for tracer mass loss can significantly affect the moment-analysis

results of a partitioning tracer test. A series of analyses were conducted on the

partitioning tracer test data. Four categories of the tracer data were analyzed to

compare the results for mean travel times, retardation factors, and tracer

recoveries: 1) tail-extrapolated data with no mass loss adjustment; 2) tail-

extrapolated with mass loss adjustment; 3) non-tail-extrapolated data with no

mass loss adjustment; and 4) non-tail-extrapolated data with mass loss

adjustment.

As mentioned, tracer mass loss can significantly affect the partitioning

tracer results, reducing the retardation factors and corresponding POE-volume

estimates through moment analysis. To illustrate the aforementioned discussion,

two data sets (conservative tracer and retarding tracer) were generated using a

simple one-dimensional model, incorporating a form of the advection-dispersion

equation with retardation, and mass loss (Figure 4.2). This analysis was also

conducted to test whether the mass loss correction function (presented above),
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used to adjust the reduced-recovery tracer concentrations, was able to provide

an R value closer to the true value upon moment analysis.

The conservative tracer data was generated by assigning a retardation

factor (R) of 1, to represent ideal solute transport associated with the advecting

aqueous phase (Figure 4.2). The retarding tracer data was generated by

assigning a retardation factor (R) of 3 and a tracer mass loss decay value Gis =

kc•LV-1 = 0.45) to account for a 70% tracer recovery (Figure 4.2), similar to the

recoveries observed for the field tracers with higher Km values (OCT and TMH).

Other relevant parameters such as residence time, flow rate, and pulse width

(tracers) were assigned values based on those determined for the field

partitioning tracer test.

The tracer data sets were then subject to moment analysis in exactly the

same approach as that performed for the field tracer data. By comparing the

mean travel times for the tracer pair, retardation could be determined. The first

analysis involved calculating the retardation factor (R) without adjusting for tracer

mass loss in the moment analysis (Figure 4.3). This produced a significantly

underestimated "moment-calculated" retardation factor (R=2.5) as compared to

the "true" retardation factor (R=3). The second analysis involved calculating the

retardation factor (R) after adjusting for tracer mass loss in the moment analysis

in exactly the same approach as that performed for the field tracer data (Figure

4.4). This "moment-calculated" retardation factor (R=3.0) was identical to the

"true" retardation factor (R=3), indicating that the mass loss function incorporated
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for the field tracer data could be used with some confidence. This analysis also

demonstrates the fact that tracer mass loss can significantly reduce calculated

retardation factors (R), thus leading to significant underestimates of immiscible-

liquid volumes in the subsurface.

Results and Discussion

Tracer Transport

The breakthrough curves (BTCs) of the tracers (non-reactive and

partitioning) exhibit a similar overall shape with a relatively short and steep arrival

wave followed by a noticeably less sharp elution wave until concentrations begin

tailing between 1 and 2 pore volumes. The non-reactive tracers (iodide,

methanol, and 2-methyl-2-propanol) peak at a similar relative concentration

(tracer concentration divided by injected concentration) value of 0.35, at which

point the concentrations decline and asymptotically tail between 1 and 2 pore

volumes. The partitioning tracers (n-hexanol, 2,4-dimethy1-3-pentanol, 2-octanol,

and 3,5,5-trimethy1-1-hexanol) peak at approximately 0.25 relative concentration,

at which point concentrations decline and asymptotically tail between 1 and 2

pore volumes. However, there is a noticeable shift (towards greater pore

volume) in the center of mass (corresponding increase in mean travel time)

observed for the partitioning tracers, indicating that their transport was retarded

with respect to the non-reactive tracers.

Iodide exhibited evidence of retardation resulting from anion exchange

with iron oxides (Brooks et al., 2002) and exhibited 107% mass recovery, and
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was thus not used for data analysis. A recovery of approximately 112% was

obtained for methanol from moment analysis, and as such it also was not used

for data analysis. Conversely, the recovery for 2-methyl-2 -propanol (tert-butyl

alcohol) was 99% and it therefore used as the conservative tracer for data

analysis (Table 4.2-4.4). Of the four partitioning tracers, 2,4-dimethy1-3-pentanol

(DMP) and n-hexanol (HEX) exhibited the highest mass recoveries (88% and

93%, respectively) with significantly lower recoveries for 2-octanol (OCT) and

3,5,5-trimethy1-1-hexanol (TMH) (71% and 65%, respectively) (Table 4.2 and

4.3).

PCE-Volume Estimates

PCE saturations and associated volumes estimated from the PTT data are

presented in tables 4.5-4.8. Based on tail-extrapolated/mass-loss-adjusted

results and the estimated pore volume of 12,000 liters, the estimated PCE

volumes ranged between 35-360% greater than the amount present in the test

cell as reported by the U.S.E.P.A (Table 4.5). Over-estimations of PCE volumes

were determined from the tail-extrapolated/mass-loss-adjusted analysis leading

to higher estimations of PCE volumes than actually present in the test cell.

The analysis for the tail-extrapolated/no-mass-loss-adjusted BTCs

underestimated PCE volume using three of the four partitioning tracers (DMP,

OCT, and TMH). Based the calculated PCE saturations and an estimated pore

volume of 12,000 liters, the estimated PCE volumes accounted for 59-74% of the

amount present in the test cell (71.3 L) as reported by the U.S.E.P.A. However,
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HEX (partitioning tracer) overestimated PCE saturation and respective PCE

volume 140% greater than the initial amount of PCE present in the cell (Table

4.6). The HEX results seem to be unreliable throughout the analyses and may be

related to its small associated immiscible-liquid/water partition coefficient. The

significant underestimation of PCE is likely the result of no mass loss adjustment

due to smaller estimated retardation factors. The reliability of tracer data without

mass loss adjustment can significantly affect the PTT results and may not be

acceptable for accurate analysis. As mentioned previously, researchers

commonly implement the use of mass-loss adjustment on breakthrough data to

account for constraints associated with reduced tracer recoveries.

The analysis for the non-tail-extrapolated/mass-loss-adjusted BTCs show

that the predicted POE volume using TMH (partitioning tracer) produced an

estimate of POE volume (56 L) as compared to the amount of POE (71.3 L)

present in the cell as reported by the U.S.E.P.A. However, HEX, DMP, and OCT

(partitioning tracers) over-estimated POE saturations and respective POE

volumes in the test cell (Table 4.7). Based on a non-tail-extrapolated/mass-loss-

adjusted data and an estimated pore volume of 12,000 liters, the estimated POE

volumes ranged between 9-150% greater than the amount present in the test

cell. The over-estimation of the immiscible-liquid volume is less than that

predicted by the tail-extrapolated/mass-loss-adjusted BTC and is likely the result

of smaller retardation factors calculated due to the truncated tailing data

associated with the non-extrapolated BTCs. In this case, the reliability of tracer
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data without tail extrapolations can significantly affect the PTT results and may

not be acceptable for accurate analysis. As mentioned previously, researchers

commonly implement the use of tail extrapolations on breakthrough data to

account for constraints associated with truncated elution tails when extended

sampling is not feasible.

The analysis for the non-tail-extrapolated/no-mass-loss-adjusted BTCs

underestimated POE volume using all four partitioning tracers (HEX, DMP, OCT,

and TMH). Based the calculated PCE saturations and a pore volume of 12,000

liters, the estimated POE volumes accounted for 21-50% of the amount present

in the test cell (71.3 L) as reported by the U.S.E.P.A. (Table 4.8). In this case, the

reliability of the tracer data without tail extrapolations and without accounting

mass-loss can significantly affect the PTT results and may not be acceptable for

accurate analysis.

Mass Loss Behavior

Analysis of the tracer data (nonpartitioning and partitioning) was

performed using the tail-extrapolated moment analyses results. The retardation

factors (R) determined from this data lump all possible retention processes that

contribute to the tracer transport behavior. However, due to the fact that the

partitioning tracers experienced significant mass loss (low recoveries), the

moment determined (R) would be expected to underestimate the retardation of

the partitioning tracers and thus underestimate immiscible liquid volume. In an

effort to account for tracer mass loss, a mass-loss-adjustment correction factor
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was incorporated for the tracer breakthrough data, as previously discussed. As a

result, the tracer mass-loss-adjusted travel times increased as expected, leading

to greater retardation estimates for the tracers. The implications of these results

suggest that the mass-loss-adjustment correction is needed to accurately

represent the tracer transport behavior at this site.

It was initially hypothesized that the primary cause of the mass loss

observed for the partitioning tracers was biodegradation. Biodegradation of

these alcohol tracers have been observed in other PTT studies, contributing to

reduced tracer recoveries (Annable et al., 1998a; Cain et al., 2000; Alter et al.,

2003). This PTT was the last of three demonstrations to be conducted in the

same test cell at the site. Any remaining flushing agents or tracers used

previously could be retained in the cell over relatively long periods of time

between demonstrations. Due to the fact that these tracers are biodegradable

and time scales may be sufficient for microbial conditioning, the potential for

degrader populations to exist and thrive under these conditions may be present.

In general, it is expected that straight-chain alcohols would degrade more rapidly

than branched alcohols as reported by Brooks et al. (2002). Observation of the

tracer recoveries for this study seems to be inconsistent with the expected

explanation of preferential degradation. For example, the 6-carbon straight-chain

HEX tracer exhibited less degradation (mass loss) than the 7-carbon branched

DMP tracer. Similarly, the 8-carbon straight-chain OCT tracer experienced less

degradation (mass loss) than the 9-carbon branched TMH tracer. These results
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suggest that the observed mass loss may be due to other factors besides just

biodegradation. However, Brooks et al. (2002) observed mass loss of OCT in

the "background tracer test", indicating some level of biodegradation likely

influenced tracer transport in the system.

Several factors may cause reduced tracer recoveries, including hydraulic

factors, sampling methods, miscalculation of initial concentrations, and transport

behavior of the immiscible-liquid partitioning tracers. However, the nonreactive

(conservative) tracer is used to account for "hydraulic" and "sampling" related

factors such as subsurface heterogeneity and sampling methods. The 99%

recovery of TBA (nonreactive tracer) supports the conclusion that the reduced

partitioning tracer recoveries were not related to "hydraulic" and "sampling"

related processes. Based on the results of Nelson and Brusseau (1996), for this

PTT study it is hypothesized that the transport of the partitioning tracers may be

a primary factor contributing to the observed mass loss.

Specifically, it is hypothesized that transport behavior related to rate-

limited partitioning of the tracers or potentially the appearance of "irreversible"

partitioning of the tracers with the immiscible liquid may be a primary cause of

the reduced tracer mass recoveries. At the microscopic scale the liquid-liquid

partitioning of the tracers is a reversible process, however there are several

processes that can cause the partitioning to appear to be an irreversible process

at the field scale (Nelson and Brusseau, 1996). Consider, for example, an

immiscible liquid that is relatively thick in the dimension normal to water flow.
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When a partitioning tracer first contacts the immiscible liquid, there is a

concentration gradient driving the tracer into the immiscible liquid. The

concentration gradient reverses when the tracer pulse is followed by tracer-free

water, which causes the tracer to transfer back to the advecting water. However

if the length of the pulse is short enough such that the tracer has not fully

saturated the immiscible-liquid phase prior to the elution step, an inward

concentration gradient will still exist in the interior of the immiscible liquid. This

could significantly delay the return of some of the tracer mass to the water.

Depending on the time scale of the experiment and nature of the immiscible

liquid, this rate-limited behavior may cause reduced tracer recoveries and the

observation of an apparent irreversible partitioning. It was observed from the

PTT analysis, detailed in this chapter, that the partitioning tracers with larger

immiscible-liquid/water partition coefficients (Knw) experienced greater mass loss

(reduced recoveries). The results from this partitioning tracer analysis show that

the mass-loss-K. relationship was linearly correlated (Figure 4.5). The fact that

the larger Knw partitioning tracers experienced more mass loss may suggest that

the larger ones may be significantly retained by the immiscible liquid compared to

the relative time-scale of the experiment. This supports the aforementioned

mass-loss effect due to an apparent "irreversible" partitioning.

In effect, immiscible-liquid zones comprised of low interfacial area to

volume (AN) ratios (e.g., "pools") or those without full hydraulic accessibility may

act as partial "sinks" for the partitioning tracers. However, mass loss due to such
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behavior could be difficult to distinguish from biodegradation in certain

circumstances. Such mass loss could, at a gross level, be represented as a

"first-order" sink. Thus the mass-loss correction used herein may account for the

impact of this phenomenon in some simple manner. Given the immiscible-liquid

disposition in the cell, due to the emplacement method (mentioned previously), it

is certainly possible that pools and zones with poor hydraulic accessibility exist.

Sorption Corrected Tracer Data Analysis

The suite of immiscible-liquid-partitioning tracers used in this field

experiment was chosen based on their ability to partition with pure-phase

immiscible liquid. Desirable partitioning tracers, such as the suite used for this

experiment, are preferably retained only by the immiscible liquid and are not

sorbed by the porous media, experience biodegradation, or experience other

reactions within the system. If the tracers were sorbed, this would certainly add

complication to the partitioning tracer method, as it would be difficult to

differentiate and quantify the process or processes contributing to tracer

retardation. Brooks et al. (2002) reported that they observed retardation of DMP

(partitioning tracer) in a previous "background partitioning tracer test" (PTT)

conducted in the same test cell used for this PTT study. It is important to note

that the "background partitioning tracer test" discussed in Brooks et al. (2002)

was conducted without any immiscible liquid present in the test cell, indicating

that DMP may have experienced sorption.
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In consideration of Brooks et al. (2002) results, a further analysis was

performed to correct for this observed apparent DMP sorption. It is expected that

if DMP experienced sorption, then the other partitioning tracers in the injected

suite would experience some sorption (retardation) as well. This approach

implemented widely used correlations relating the organic-carbon/water partition

coefficients (K.) to the octanol-water partition coefficients (K.). The tracer data,

as discussed in the following section, was corrected for sorption based on

correlations found in the literature (Karickhoff et al., 1979; Kenaga and Goring,

1980; McCall et al., 1983; Lyman et al., 1990). A series of Koc-K0  correlations

were chosen for representative classes of compounds similar to the tracers

(Karickhoff et al., 1979; Kenaga and Goring, 1980; McCall et al., 1983; Lyman et

al., 1990) (Table 4.9). Using bulk density, organic carbon fraction, and porosity

measurements from the site (Table 4.10 and 4.11), distribution coefficients were

calculated to allow for the estimation of a sorption term and thus an estimated

retardation. A specific KocK0  correlation, reported by McCall et al. (1983),

predicted a DMP sorption term very similar to the sorption term observed for

DMP at the test site by Brooks et al (2002). It is assumed that the other tracers

could be corrected for sorption using this same Koc-K. correlation.

The sorption-corrected analysis of the tail-extrapolated/mass-loss-

adjusted tracer data produced resulting retardation factors that were in all cases

less than that determined without correcting for sorption (Table 4.5). Estimations

of POE saturations determined from the sorption-corrected analysis produced
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PCE volume estimates (228 L and 72 L, respectively) that are greater than the

actual volume for two of the four partitioning tracers (HEX, and DMP). However,

the sorption-corrected OCT and TMH tracer data produced PCE volume

estimates of 57 L and 25 L, respectively. These estimates represent 80% and

35% of the PCE volume present in the test cell (71.3 L).

The correlation-corrected sorption data for HEX and DMP produced

respective PCE volume over-estimates 9% and 220% greater than the amount

present in the test cell (71.3 L) as reported by the U.S.E.P.A. Although, in this

case the sorption-corrected analysis produced closer estimates than the

uncorrected-sorption data of actual immiscible-liquid volume present. The

partitioning tracers (HEX and DMP) still over-predicted the actual PCE amount

present in the cell. This may suggest that there is some relative uncertainty in

the data related to the sensitivity of these two partitioning tracers in this system

where immiscible-liquid saturation is low. As mentioned previously, tracers with

higher partition coefficients are selected to produce more retardation, thereby

yielding more reliable immiscible-liquid volume estimates especially for low

immiscible-liquid saturation. In this case it might be expected that OCT and TMH

would provide more reliable results due to the fact that they have larger Km

values and thus larger retardation factors (R). Partitioning-tracer retardation

factors less than approximately 1.2 have been reported to be less reliable for

predicting immiscible-liquid quantity for PTTs. Due to this fact, HEX and DMP

may be associated with greater uncertainty for predicting immiscible-liquid



112

volume under the conditions represented at the site. There also likely exists

some uncertainty associated with the technique used for the sorption-correction,

and there may be some uncertainty associated with the magnitude of sorption

observed by Brooks et al. (2002).

Significance of Sorption

The added complexity associated with tracer sorption may have to be

considered when conducting a field partitioning tracer test (PTT). As

demonstrated in this PTT study, accounting for observed sorption can

significantly reduce calculated retardation factors and resulting estimates of

immiscible-liquid PCE. The additional complexity of estimating immiscible-liquid

volumes, due to the influence of sorption can be observed by the retardation

equation presented previously. The retardation equation must include both the

immiscible-liquid partitioning term and the addition of a sorption term. In this

case, it can be difficult to quantify the resulting contributions from each term

(immiscible-liquid partitioning and sorption).

In consideration of these results, a further analysis was performed to

quantify the contributions of both sorption and immiscible-liquid partitioning on

overall retention (retardation). The fraction of retention due to sorption (s) and

immiscible-liquid partitioning (ilp) are reported as follows (s:ilp) for HEX, DMP,

OCT, and TMH (0.3:0.7, 0.4:0.6, 0.5:0.5, 0.7:0.3), respectively. The results for

the four partitioning tracers (HEX, DMP, OCT, and TMH) reveal that the

contributions to tracer retention from sorption and immiscible-liquid partitioning
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appear to be approximately equivalent. The estimated contribution of sorption to

retardation is greater for the tracers with larger immiscible-water partition

coefficents (Knw). This reveals that the tracers with higher affinity for the

immiscible liquid also have slightly greater estimated sorption contribution to

overall retention. However, these contribution differences are small, suggesting

that the retention and overall retardation have the potential to be very sensitive to

each contribution (sorption and immiscible-liquid partitioning).

The immiscible-liquid saturation for this PTT study was low and as such it

is expected that the low immiscible-liquid saturations present may result in

significantly lower contribution due to the immiscible-liquid partitioning term. To

evaluate the effects of higher immiscible-liquid saturations, further analysis was

conducted using an immiscible liquid saturation (S n) of 12%, similar to that

observed in a PTT study performed by Cain et al. (2000). The results show that

the retardation factor in this case is significantly affected by the contribution from

immiscible-liquid partitioning as compared to that by sorption. The fraction of

retention due to this greater immiscible-liquid saturation are reported as follows

(s:ilp) for HEX, DMP, OCT, and TMH (0.07:0.93, 0.04:0.96, 0.04:0.96, 0.05:0.95),

respectively. These results reveal that the immiscible-liquid partitioning

contributions are much greater than the sorption contributions when the

immiscible-liquid saturation is relatively large. Over 95% of the retention

contributions are accounted for by the immiscible-liquid partitioning term. This
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indicates that the degree of immiscible-liquid, at high enough saturations, can

dominate the contributions to retardation due to sorption.

The motivation of the tracer sorption analysis was based on the fact that

previous tracer sorption was observed at the site (Brooks et al., 2002). Brooks et

al. (2002) mention that tracer sorption can be important for the estimation of

immiscible liquid when using the partitioning tracer method. However, in the PTT

analyses conducted by Brooks et al. (2002), the influence of tracer sorption is

neglected. As a result, a simple analysis, using the sorption they observed, was

conducted on their data to evaluate the significance of sorption on their estimated

PCE volumes within the test cell. As mentioned previously, a widely used K0 -

K0 correlation was incorporated to correct for sorption. As expected, the

sorption correction produced significantly reduced estimates of immiscible liquid

(PCE) volume. However, it must be recognized that there is uncertainty in the

partitioning tracer test as well as associated uncertainty when using estimations

for sorption correction.

Overall Immiscible-Liquid Estimate Results

The results presented above show that the estimated immiscible-liquid

volumes varied, depending on the conditions/processes incorporated in the

analysis, such as tracer mass loss, tail extrapolation, and sorption. It should be

recognized that there is likely uncertainty associated with the results of the

partitioning tracer test. The additional complexities of this tracer data, due to

tracer mass-loss estimates, and tracer sorption estimates may contribute to
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associated uncertainty. These analyses focused on mass-loss-adjusted,

sorption-corrected, tail-extrapolated BTCs as it was observed that the mass loss

(HEX, DMP, OCT, and TMH) and sorption experienced by the partitioning tracers

was important for immiscible liquid estimations. When mass loss is not

accounted for, the mean travel times are significantly reduced, resulting in

retardation factors that are less than one. This would result in erroneously small

(negligible) POE volume estimates. Similarly, the results show that non-

extrapolated BTCs used in the analyses significantly under estimated the volume

of immiscible liquid present in the cell. This would also result in erroneously

small (negligible) PCE volume estimates. In addition, a modeling analysis

presented previously lends support to the fact that accounting for tracer mass

loss is important when calculating retardation factors used to estimate immiscible

liquid volumes.

An extensive sorption-corrected analysis was also performed to account

for sorption at the site observed by Brooks et al. (2002). Significant effects due

to sorption were observed in the results of the partitioning tracer test. Mass-loss-

adjusted tracer data without sorption correction overestimated the volume of POE

in the test cell for all of the tracers (HEX, DMP, OCT, and TMH). Conversely, the

mass-loss-corrected tracer data incorporating a sorption-correction term

produced PCE volume estimates of 25 liters and 57 liters for TMH and OCT,

respectively. This may indicate that about 35-80% of the immiscible liquid

present in the test cell was hydraulically accessible to the tracers. If this is
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indeed the case, some of the immiscible liquid could be hydraulically bypassed,

trapped in dead-end pores/low permeability zones, or outside the boundaries of

the swept volume thus resulting in the reduction in estimated PCE (immiscible

liquid) volume.

It is not unexpected that the partitioning tracer test underestimated the

immiscible-liquid volumes under the methods of the PCE release and

emplacement conducted at the site. The release of POE into the cell was

designed to represent a typical distribution encountered as a result of a spill.

POE was injected into a target flow zone between 10 and 12 meters bgs. The

PCE release, conducted under a relatively low flow rate, was intended to

minimize pooling by creating lateral and vertical spreading of the PCE. Prior to

and during the POE release the water table was lowered below the injection point

and later elevated to minimize pooling and establish residual POE saturation.

The POE emplacement methods described above could establish variable

nonuniform distributions of immiscible liquid in the cell. It is likely that the

immiscible liquid POE (denser than water) could be present as residual phase,

pools, and trapped within low permeability zones (Oostrom et al., 1999; Brusseau

et al., 2002). The fact that the water table was lowered, creating a variably

water-saturated system (e.g., vadose zone conditions) during injection, may

provide a means for the immiscible liquid to invade the lower permeable zones

preferentially. Unlike water-saturated systems, Illangasekare et al. (1995)

showed that in an unsaturated system (e.g., vadose zone), denser than water
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immiscible liquid preferentially invaded low permeable zones due to strong

capillary effect. Thus, immiscible liquid PCE may have been retained in relatively

inaccessible low permeable zones during the emplacement, thereby, in effect,

reducing the ability for the tracers to contact these zones. Under this PCE

emplacement method it is reasonable to assume that immiscible liquid pools or

relatively high immiscible-liquid saturations could exist within the cell. It is also

conceivable that some PCE was distributed (migrate) into regions that are

partially or completely hydraulically inaccessible. In a previous PTT study

conducted by Brooks et al. (2002) within the same test cell (same site, Dover

AFB) it was reported that nonuniform immiscle-liquid distribution was likely to

exist, as indicated by nonideal tracer transport and significant underestimation of

PCE volumes. As mentioned above, Brooks et al. (2002) observed

underestimated PCE amounts and attributed these results to potential immiscible

liquid pooling, nonuniform PCE distribution, low-permeability trapped immiscible

liquid, and migration of PCE to inaccessible regions of the test cell.

These observations of nonuniform immiscible-liquid distribution due to

PCE emplacement methods indicate that the PTT may be expected to

underestimate PCE volume with the cell. These results may also suggest that

nonideal tracer transport could be influenced by the nonuniform immiscible liquid

distributions and may be related to processes such as tracer mass loss,

immiscible-liquid partitioning, and sorption.
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Mathematical Modeling: Combined-Extraction Well Tracer Simulations

The tracer BTCs data were analyzed using a simple one-dimensional two-

domain model incorporating retardation. The two-domain model includes terms

to account for the fraction of the chemical transport associated with mobile

regions and that associated with the corresponding immobile regions. The model

is used as a simple representation of non-ideal transport due to the variation in

permeability existing at the site. It is understood in using this model that the

actual subsurface domain is not comprised of simple mobile and immobile

domains. However, the lack of quantitative information on permeability variability

precludes the use of more sophisticated models. The model is used to represent

the influence of physical heterogeneity on solute transport, in a gross manner.

For the modeling purposes of this research, all tracers are assumed to

experience identical hydrodynamic conditions. The retardation (R) factors used

for the modeling of the partitioning tracers (HEX, DMP, OCT, and TMH) were

obtained from the tail-extrapolated, mass-loss-adjusted moment analysis of the

BTCs. This R represents a "composite" retardation and accounts for all of the

retention processes contributing to the total retardation in this system (Table 4.5).

Simulation of the TBA (non-reactive tracer) combined-extraction well

breakthrough curve (BTC) produced an excellent fit to the data (Figure 4.6). Two

series of simulations of the partitioning tracer data were conducted to evaluate

the processes affecting tracer transport behavior (Figures 4.6-4.14). The first

series of partitioning tracer simulations incorporated the identical nonequilibrium
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parameters (0 and co) used to well-represent (fit) the nonreactive tracer (TBA).

As mentioned previously, the model simulation produced an excellent match to

the conservative tracer data (TBA) (Figure 4.6). It was hypothesized that if the

partitioning tracer data could be represented well using the same nonequilibrium

parameters (p and co) used to fit the TBA, it may suggest that transport of the

partitioning tracers was relatively ideal with respect to mass transfer processes.

The four partitioning tracers (HEX, DMP, OCT, and TMH) were simulated under

identical conditions of TBA using their respective retardation factors (describing

immiscible-liquid retention) calculated by moment analysis. The observed

breakthrough curves of the partitioning tracers were poorly represented by the

model simulations (Figures 4.7 — 4.10). The second series of partitioning tracer

simulations incorporated an adjustment of the nonequilibrium parameter ( 3) to

attempt to improve the data fit. The simulations with an adjustment of the f3

parameter produced good matches to observed tracer data (Figures 4.11-4.14).

The [3 parameter used to match the partitioning tracer data was reduced (all

tracers) by about half of the p parameter (0.5 —> 0.2) used to represent the TBA

(conservative tracer). These results suggest that the partitioning tracers

experienced a greater degree of nonideal transport compared to TBA. Potential

causes of this behavior will be discussed in later sections.

Based on the results above, the retardation factors determined by moment

analysis of the partitioning tracers, incorporating the tail-extrapolated and mass-

loss corrected BTCs, appear to represent the corresponding tracer retention in



120

the system (test cell) fairly well when nonideal transport and mass loss is

incorporated. It should be recognized that these modeling analyses are

simplified representations of the gross transport behavior and are subject to

uncertainty.

Non ideal Transport of the Partition ingTracers

Rate-Limited Sorption

When partitioning tracer tests are influenced by both sorption and low

immiscible liquid saturation, the resulting retardation factors can be extremely

sensitive under certain conditions. The partitioning tracer test (PTT) conducted

as part of this research, experienced similar complexities attributed to tracer

sorption and low cell-wide immiscible liquid saturation (-0.0059). The equation

describing retardation factor (R) accounting for sorption and immiscible liquid

partitioning is defined by

R = 1+ Pb

ew
Kd -F

e
N	 K

Ow nw

where Pb is the bulk density of the soil, Ow is the volumetric water content, Kd is

the distribution coefficient, ON is the volumetric immiscible-liquid content, and Knw

is the immiscible-liquid/water partition coefficient.

It can be observed in the retardation equation above that if the sorption

term is similar in magnitude to the immiscible liquid partitioning term the

retardation will be highly sensitive to a change in either of these terms. In a

previous discussion, the contribution of sorption retention and immiscible-liquid
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retention on calculated retardation factors was examined and quantified for each

tracer (HEX, DMP, OCT, and TMH). It was shown that contributions of sorption

and immiscible-liquid partitioning on retention were approximately equivalent.

There was a slight trend of increasing sorption retention with immiscible-liquid-

water partition coefficient (Knw). However, it is expected that retardation would be

sensitive to both processes (sorption and immiscible-liquid partitioning) since the

contributions are relatively equal.

The fact that the cell-wide immiscible liquid saturation is low indicates that

the immiscible liquid partitioning term will have less of an impact on the

retardation than if immiscible liquid saturation were higher. In a field-scale

partitioning tracer test (PTT) conducted at Hill AFB, Utah, Cain et al. (2000)

report initial PTT-predicted immiscible-saturations ranging from 12-14%. These

saturations are relatively high in comparison to the initial saturation (0.59%)

determined for the PTT discussed in this work. This indicates that the immiscible

liquid partitioning term would have less of an impact on retardation from this

research than that from the PTT conducted by Cain et al. (2000) at Hill AFB.

These researchers concluded that sorption was insignificant in comparison to the

degree of immiscible liquid partitioning as a direct result of the relatively high

immiscible liquid saturations (Brusseau, personal communication). They also

report that any effects due to sorption would be unobservable due to the

dominating immiscible liquid partitioning term associated with the relatively high

immiscible liquid saturations. However, these assumptions cannot be made for
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the PTT conducted as part of this work. The observed tracer sorption and low

immiscible liquid saturation associated with this PTT would have to be accounted

for to further evaluate tracer transport behavior and accurately predict immiscible

liquid volumes in the cell.

As mentioned in the discussion above, sorption of DMP was observed

without any presence of immiscible liquid in the system. Since the cell-wide

immiscible liquid saturation is low, it is hypothesized that the sorption term may

be significant for estimation of retardation factor. For this reason, investigating

the effects of sorption on the PTT results and on tracer transport could be

important for understanding the specific processes or factors affecting transport

at this site.

As mentioned previously, mathematical modeling can be conducted to

evaluate the mechanisms influencing tracer transport. Performing simulations on

this tracer data, using a mathematical model that accounts for nonequilibrium

transport behavior, can be useful for singling out specific sorption processes

(instantaneous sorption vs. rate-limited sorption) affecting the tracer transport

behavior. Conclusions supporting instantaneous sorption/desorption can be

made if the partitioning tracer (DMP) data is well represented by the model

incorporating the same nonequilibrium parameters as those used to model the

conservative tracer. Since there is no immiscible liquid present in the subsurface

during this PTT it is assumed that any nonequilibrium effects would be due to

sorption. This would suggest that DMP experienced instantaneous
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sorption/desorption. However, evidence for rate-limited sorption/desorption

might be supported if the partitioning tracer (DMP) data were well-represented

using nonequilibrium parameters different than those used to simulate the

conservative tracer (methanol). Unfortunately, Brooks et al., (2002) do not report

the breakthrough data and as such a modeling effort on this data could not be

performed. Efforts to attain this data are in progress so that further analysis can

be conducted for future work. The implications of such results from this data

could be essential for evaluating the effectiveness of the PTT. A characteristic-

time analysis comparing characteristics times of sorption/desorption to residence

times was performed to obtain a simple evaluation of the potential impacts of

rate-limited sorption. The sorption/desorption rate coefficients used in this

analysis were obtained from correlations reported in the literature (Brusseau and

Rao, 1989; Maraqa, 2001). The results of this simple analysis suggest that rate-

limited sorption/desorption may not have influenced the transport of the

partitioning tracers to a greatly significant degree.

Immiscible-Liquid Partitioning

One possible factor related to the apparent nonideal transport behavior of

the partitioning tracers may be associated with rate-limited water-immiscible-

liquid mass transfer. Partitioning tracers with larger immiscible-liquid partition

coefficients (Knw) are often chosen to obtain more reliable estimates of immiscible

liquid volumes in the subsurface, especially if immiscible-liquid saturation are

low. Partitioning tracers with larger K. properties possess stronger affinities for
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the immiscible-liquid phase, thus producing more reliable estimates of

retardation. The partitioning tracers used for the PTT exhibited a relationship

that showed the Kn, to be inversely proportional to mass recovery as noted

above. Since the larger Knw tracers are expected to be retained to a greater

degree by the immiscible liquid, it may be postulated that these tracers would

experience greater rate-limited mass transfer. Such rate-limited mass transfer

could result in observed nonideal transport behavior such as "early" arrival and

extended elution tailing. In some cases, it could also result in the appearance of

mass loss (e.g., irreversible partitioning) as discussed above.

At the laboratory scale, Willson et al. (2000) observed rate limitations

associated with immiscible-liquid partitioning. The observed rate-limited behavior

is likely attributed to the short residence times associated with the column

experiments. A field PTT study was conducted at Hill Air Force Base (AFB)

using similar tracers and methods used herein (Cain et al., 2000; Brusseau,

personal communication). Mathematical modeling was used to assess primary

mechanisms affecting tracer transport. It was observed from the Hill AFB PTT

study that rate-limited partitioning of the tracers was not a factor for tracer

transport. This is likely due to the large residence times associated with the field

scale system. The model simulations produced excellent matches to the

measured partitioning tracer data using the identical model nonequilibrium

parameters used to model the nonpartitioning tracer data. Therefore, the

modeling results suggest that the partitioning tracers were experiencing
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"instantaneous" water/immiscible-liquid mass transfer in relation to the residence

times associated with the field system at Hill AFB. Conversely, a modeling

analysis of the tracer data for this study (Dover AFB) suggests that the tracers

may have experienced nonideal transport. In the modeling simulations, the

nonequilibrium parameter [3 had to be adjusted to represent the observed

partitioning tracer behavior (breakthrough curves). This suggests that the tracers

may have been experiencing processes such as rate-limited immiscible-liquid

partitioning or rate-limited sorption. If it is assumed that immiscible liquid

partitioning is the primary cause of the nonideal behavior, the reduction in f3

(nonequilibrium parameter) could be viewed to represent a portion of PCE that

has rate-limited mass transfer.

The results from the Hill analysis (Cain et al., 2000; Brusseau, personal

communication) indicate that immiscible-liquid/water mass transfer may be

treated as essentially instantaneous. The immiscible-liquid saturation (S a ) at Hill

AFB is larger (-10-12%) than the partitioning tracer test conducted in this study

at Dover AFB. If the partitioning is viewed as a film mass transfer process, one

would expect the partitioning at Dover AFB to be instantaneous as well, given the

lower S i,. The lower cell-wide immiscilbe-liquid saturation (S n = 0.59%) might

generally imply thinner films. Based on this evidence, it is likely that partitioning

for "residual" phase PCE should be instantaneous. However, as noted, it is likely

that some of the PCE exists as pools and entrapped in lower-permeability zones

associated with the immiscible-liquid emplacement methods. Thus, partitioning
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mass-transfer for these "zones" may be significantly more rate limited than for

residual zones. This would be consistent with the estimates of PCE possible

related to the fraction of hydraulically inaccessible PCE and that associated with

the apparent mass loss (irreversible partitioning) results discussed above. In

addition, the modeling results, whereby the 13 parameter was reduced to produce

good representations (fits) of the partitioning tracer data gives evidence that rate-

limited immiscible-liquid partitioning may exist. The 13 parameter in the model

represents the fraction of retention due to instantaneous retention. The fact that

the 13 term had to be reduced (more than half) may reflect increased contribution

to rate-limited partitioning (reduced instantaneous retention) indicating that some

of the immiscible liquid is not readily accessible. As mentioned previously, this

could likely be related to the method of immiscible-liquid emplacement producing

nonuniform portions of PCE distribution (e.g., pools, low-permeability trapped

immiscible liquid).

The nonideal transport behavior of the partitioning tracers may be

attributed to several processes. As discussed in the above section there are

likely contributions to the partitioning tracer transport behavior influenced by the

presence of immiscible liquid. The tail-extrapolated/non mass-loss adjusted

sorption corrected partitioning tracer data was likely estimating the fraction of

immiscible liquid that was readily accessible by the tracers. It is hypothesized

that the instantaneous fraction of immiscible-liquid partitioning is represented as

the readily tracer-accessible PCE in the cell. In this system, the seemingly most
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valid conceptualization of the readily accessible portion of immiscible liquid would

be that represented as residual PCE, comprised of thin films and small ganglia.

Unfortunately, the tail-extrapolated/non mass-loss adjusted sorption corrected

partitioning tracer data estimated a negligible amount of immiscible liquid,

indicating that there was no readily accessible immiscible liquid in the cell. The

retardation factors were in all cases less than one indicating that there was

significant uncertainty in the volume estimates. The portion of the immiscible-

liquid partitioning that is "partially hydraulically accessible" may best be

conceptualized as the distributions comprising the "immiscible-liquid pools". This

portion on the nonideal transport behavior would be represent by rate-limited

immiscible-liquid partitioning due to kinetic limitations associated with partitioning

to the "pool". This rate-limited behavior may be represented by the mass loss

fraction represented by the tail-extrapolated mass-loss adjusted sorption-

corrected partitioning tracer BTCs. The portion of the immiscible-liquid

partitioning that is "not accessible" may best be conceptualized as the POE

distributions that are not accessible at all at least in the time-scale of the

experiment. This might be best represented by the "missing" POE that is trapped

in low permeability zones, or migrated outside the hydraulically accessible

regions (e.g., clay unit, low depression in the far corner of the cell).

Conclusions

A partitioning-tracer test was conducted to determine the amount of

immscible-liquid POE within an isolated section of aquifer (test cell). To improve
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the evaluation of the ability of the PTT method for estimating immiscible liquid

mass in the subsurface, a known amount of immiscible-liquid phase PCE was

released into the test cell to allow for robust mass balance calculations.

Retardation of the partitioning tracer relative to the non-reactive tracer was

observed by analyzing the data by method of moments. This study

demonstrated the utility of the partitioning tracer method for predicting

immiscible-liquid volume at the site with additional complexities related to tracer

mass loss and notably partitioning-tracer sorption. The tracer analysis

incorporated a Koc-K0  correlation-corrected sorption-adjustment (tail-

extrapolated/mass-loss-adjusted) which resulted in estimates of immiscible-liquid

saturation and corresponding immiscible-liquid volumes in the test cell that

significantly varied. Correspondingly low retardation factors for HEX and DMP

(low K. tracers) were estimated leading to erroneously small predicted

immiscible liquid volumes. However, immiscible liquid volumes predicted from

the OCT and TMH retardation factors were 25 liters and 57 liters, respectively. A

modeling analysis shows that the partitioning tracers were likely experiencing

rate-limited partitioning from the immiscible liquid present in the cell. In addition,

sorption of the tracers was observed at the site. Further modeling analysis may

elucidate if tracer sorption was occurring under rate-limited or instantaneous

conditions.

The accuracy of partitioning tracer tests to determine the amount of

immiscible liquid in the subsurface depends on conditions at the site as well as
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properties of the tracer. Ideally, tracers are selected to produce a quantifiable

separation of travel times between the partitioning tracer and nonpartitioning

tracer related to partitioning with only the immiscible liquid. However,

complexities arise if the partitioning tracers experience factors such as mass

loss, low immiscible-liquid saturation, or sorption to the aquifer solids. In the

discussion above degradation or mass loss consideration can significantly affect

the results of the partitioning tracer test. Low immiscible liquid saturation can

affect the PTT results. If the partitioning tracers do not contact all of the

immiscible liquid or if retention times are relatively short, as a result of low

immiscible liquid saturation, the estimated retardation factors will be artificially

low and lead to underestimates of immiscible liquid volume. As Jin et al. (2000)

report, significant error in PTT-predicted immiscible liquid volume can result

when the estimated retardation factors are less than 1.2. Similarly, sorption of

tracers to aquifer solids can also affect the results of the partitioning tracer test,

tracer transport, and PTT-predicted immiscible liquid volumes within the

subsurface.

As mentioned previously, researchers observed the sorption of a

partitioning tracer (DMP) in a partitioning tracer test (PTT) without the presence

of immiscible liquid in the subsurface prior to the PTT conducted as part of this

dissertation (Brooks et al., 2002). It is important to note that Brooks et al. (2002)

conducted the PTT in the same test cell and with some of the same tracers as

the PTT work discussed in this dissertation. This is significant because PTT-
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estimated immiscible liquid volumes will overestimate actual volumes when

sorption is contributing to the retardation factor (R) and it is not accounted for in

the analysis. For this reason, a sorption-correction analysis of the tracer data

was conducted to account for the DMP sorption that was observed by Brooks et

al. (2002). This analysis, which was presented previously, incorporated a K.-Km

correlation to correct for the DMP observed sorption at the test site. In this

approach it is assumed that the other tracers could be corrected for sorption

using this same K.-K. correlation. The sorption-corrected tracer data resulted

in lower calculated retardation factors, eliminating the contribution of retardation

that was associated with sorption. Thus, the sorption-corrected degradation-

adjusted tracer data could then be used to predict immiscible liquid volumes

solely based on the retention associated with the immiscible liquid in the

subsurface (test cell). This has implications for the effectiveness of the PTT to

predict the amount of immiscible liquid in the subsurface. Thorough

characterization of the tracers and their associated transport is essential to

improve the immiscible-liquid volume prediction capabilities of the partitioning

tracer method when factors such as sorption, mass loss, and the magnitude of

immiscible liquid saturation have to be considered.

The low initial saturation of immiscible liquid PCE within the test cell may

have limited the effectiveness of the PTT. The results of the PTT using low Knw

value partitioning tracers (HEX and DMP) consistently produced small retardation

factors, thereby producing underestimates of immiscible liquid volume. This may
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be attributed to the associated low immiscible liquid saturation in the cell and

suggests that the PTT may have been performed near the lower limits of the

tracer technique's design capabilities.

The effectiveness of the PTT to accurately assess immiscible-liquid

quantity in the subsurface was severely limited. Under certain conditions (e.g.,

low immiscible-liquid saturation, nonuniform immiscible distributions, partitioning

potential, sorption) uncertainty in tracer performance may affect overall PTT

effectiveness. The analysis neglecting sorption (tail-extrapolated/degradation) in

all cases over estimated the amount of immiscible liquid present in the test cell.

However when a sorption-correction adjustment was applied the results for OCT

and TMH produced predicted immiscible liquid volumes 35% and 80% of the

amount actually present in the cell. These results suggest that careful selection

of tracers and a thorough understanding of tracer transport behavior (e.g., rate-

limited transport, tracer sorption) is essential for the proper evaluation of the

tracer data. These results also suggest that it may be necessary to test tracer

behavior under the conditions specific to that site.
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CHAPTER 5. ENHANCED-SOLUBILIZATION OF AN ORGANIC
CONTAMINANT: FIELD-SCALE DEMONSTRATION

Abstract

The limitations associated with conventional pump and treat technology

have generated interest in using enhanced in-situ flushing as an alternative for

remediating source zones contaminated with immiscible liquid. This research

investigates the effectiveness of cyclodextrin as a solubility-enhancement agent

to enhance the removal of tetrachloroethene (PCE) from a physically isolated

section of an aquifer. An important component of this project was the

implementation of reagent recovery and reuse. This field experiment presented

the rare opportunity, under strict regulatory guidance, to inject PCE into the

surficial aquifer cell created with two sets of sheet piles driven into an underlying

clay unit. The well-controlled conditions specific to this experiment allowed

quantification of mass balances, which is problematic for many contaminated

field sites. The fact that mass balances can be obtained provides the ability to

determine remediation effectiveness with unusual accuracy for a field project.

The saturated zone within the test cell was flushed with a 15 wt % cyclodextrin

solution. The cyclodextrin solution increased the aqueous concentration of POE

in the extraction-well effluent to as much as 22 times the concentrations obtained

during the water flush conducted prior to the complexing sugar flush (CSF). The

seven pore-volume CSF removed the equivalent of approximately 33 liters of

PCE from the subsurface. This equates to 48% of the total initial mass, based

on the volume of PCE present prior to the CSF (68.6 L). Conversely, the seven
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pore-volume water flush conducted prior to the CSF removed the equivalent of

2.7 liters of PCE. The use of cyclodextrin as a flushing agent, especially in a

recycling configuration, appears to hold promise for successful remediation of

chlorinated-solvent contaminated source zones.

Introduction

The well-documented limitations associated with conventional pump-and-

treat technologies have generated interest in using enhanced in-situ flushing as

an alternative for remediation of source zones contaminated with immiscible

liquids. Enhanced in-situ flushing is based on the use of flushing agents that act

to increase the apparent aqueous solubility of hydrophobic organic pollutants.

Cosolvents (such as alcohols) and surfactants are examples of reagents that

have been used for this purpose. Essentially, these reagents have properties

that allow more contaminant mass to reside in the aqueous (bulk water) phase,

thus allowing more contaminant mass to be extracted per volume of water

flushed. This increases the removal efficiency, thereby decreasing remediation

times. Many laboratory studies have been conducted to investigate the

effectiveness of surfactants and cosolvents for solubility enhancement (Lowe et

al., 1999; 2000). Field-scale implementation of these technologies presents

many more challenges than carefully controlled laboratory experiments. Porous-

media heterogeneity, immiscible-liquid distribution, and immiscible-liquid

composition are likely to be much more complex for an actual field site. Thus, it

is well accepted that pilot-scale field tests are needed to gain the information
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necessary to design and conduct successful full-scale remediation projects

(Sabatini et al., 1996; Gierke and Powers, 1997; Fountain, 1997; Brusseau et al.,

1998; Brusseau et al., 1999).

The purpose of this study was to evaluate the efficacy of cyclodextrin as

an enhanced in-situ solubilization agent for immiscible-liquid contamination

comprised of chlorinated solvents. Cyclodextrin has been shown to be a

successful solubility-enhancement agent in previous laboratory and pilot-scale

research (Wang and Brusseau, 1993; Brusseau et al., 1998; McCray and

Brusseau, 1998; Boving et al., 1999; Blanford et al., 2001). A critical component

of full-scale application of any enhanced-solubilization technology is cost-

effectiveness, which may depend in large part on the ability to recycle the

reagent during the project. Such an evaluation was a specific component of this

test, wherein the performance of the CSF is evaluated with respect to

contaminant mass removal and reagent recovery and reuse.

Background

Cyclodextrins are polycyclic oligosaccharides, or sugars (similar to

household cornstarch) formed from the degradation of starch by bacteria. These

toroidal-shaped molecules have a hydrophobic, nonpolar interior and a

hydrophilic, polar exterior. Relatively nonpolar organic contaminants can

partition into the interior of the molecule (i.e., an inclusion complex is formed),

while the highly polar exterior provides the molecule with a large aqueous

solubility (e.g., approximately 50% by mass). These properties allow cyclodextrin
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to significantly increase the mass of organic contaminant residing in the

aqueous-phase, resulting in a significantly larger "apparent solubility" in an

aqueous cyclodextrin solution.

Cyclodextrins have additional advantages for use as a remediation agent.

They are considered to be essentially non-toxic to humans, thus, there are

minimal health-related concerns with injecting cyclodextrin into the subsurface.

In addition, based on laboratory studies performed by Wang et al. (1998),

cyclodextrin solutions do not appear to harm resident microbial populations.

Cyclodextrins experience little or no sorption to aquifer solids, do not partition

appreciably to the immiscible-phase, and are not subject to precipitation

(Brusseau et al., 1994; Wang and Brusseau, 1995; McCray and Brusseau,

1998). Thus, cyclodextrin is relatively easily removed from the subsurface after

use, minimizing reagent residuals left in situ, which can be an issue of regulatory

concern. In addition, solubilization by cyclodextrin is insensitive to changes in

pH and ionic strength (Wang and Brusseau, 1995). The form of cyclodextrin

used herein does not significantly reduce the interfacial tension of the immiscible-

liquid interface (Bizzigotti et al., 1997; McCray and Brusseau, 1998) and,

therefore, is unlikely to mobilize immiscible liquid. While mobilization can

enhance the removal of immiscible liquid from the subsurface, it can be difficult,

in some cases, to capture all mobilized immiscible liquid during remediation

(Farley et al., 1992; Brandes and Farley, 1993; Sabatini et al., 1996; Fountain,
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1997). Remediation techniques based on mobilization, therefore, may not be

appropriate under certain circumstances.

Cyclodextrin is produced at commercial scales and is somewhat more

expensive than common surfactants. However, given the above discussion,

cyclodextrin may be more cost-effective under certain conditions. In addition,

bench-scale research indicates that cyclodextrin is readily recyclable after use

(Boving et al., 1998), which may increase cost-effectiveness for field-scale

operations. In fact, the remediation demonstration presented in this paper

implemented the recycling of cyclodextrin as a central component of the

operation.

The demonstration project was conducted at the Dover National Test Site

within the confines of the Dover Air Force Base (DAFB), Dover, Delaware. This

field experiment presented the rare opportunity, under strict regulatory guidance,

to inject POE into a physically isolated section of a surficial aquifer. The well-

controlled conditions specific to this experiment allowed quantification of mass

balances, which is problematic for many contaminated field sites.

Materials and Methods

Site Description

The field site is located on the Dover Air Force Base, Dover, Delaware,

5.8 km southeast of the city of Dover, Kent County, Delaware. The

hydrogeologic unit of concern, the Columbia Formation, is a shallow, unconfined

aquifer that consists of medium to fine sands with interbedded gravels, silts, and
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clay lenses (Table 5.1-5.3). Depth to groundwater in the Columbia Formation

can vary between 4.5 and 7.6 meters and the saturated thickness of this unit

varies between 4-7 meters. Within the test cell specifically, the saturated

thickness varied between 2.97-3.03 meters. The Columbia Aquifer is underlain

by an aquitard (Calvert Formation) within 9 to 12 meters of the surface (Table

5.4). This clay unit varies in thickness from 5.5 to 8.5 meters, with an average of

6.7 meters under the DAFB.

Based on pumping tests conducted at the test site determined that the

saturated portion of the aquifer has average horizontal hydraulic conductivities

ranging between approximately 8x10 -4 and 5x10 -2 cm/s, which correspond to

laboratory permeameter tests conducted with sediment samples from the site

(Dames and Moore, Inc., 1993). Small-scale vertical variations in hydraulic

conductivity have been found to range as much as 2.5 orders of magnitude, and

may be related to changes in soil type. Porosities between 17 and 28% were

estimated from the results of conservative tracer tests and field measurements

conducted at the site (Dames and Moore, Inc., 1993; MSE Technology

Applications, Inc., 1999; Brooks et al., 2002).

Test Cell and Controlled Release

An enclosed cell was used for this experiment to provide a controlled and

contained system for assessment of target contaminant mass-balance and

remediation performance. The 3 m by 4.6 m area cell was enclosed by sealed

9.5-mm thick steel sheets that were driven into the clay layer (Figure 5.1). The
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test cell is fully contained within a larger secondary cell also installed with sealed

sheets driven into the clay layer. This secondary cell containment was designed

as a safety measure to mitigate contaminant release to the environment.

The demonstration project was implemented using a controlled chemical

release. This aspect of the project is critical because it allows for mass-balance

calculations and robust assessments of the remediation technology efficiency

and effectiveness. U.S.E.P.A. personnel performed the controlled release. To

simulate a more realistic field scenario, the amount of PCE injected into the test

cell and the spatial distribution was not provided to the investigators until after

project completion. A total of 71.3 liters of pure-phase POE was present in the

test cell prior to the initiation of the study.

Complexing Sugar Flush (CSF) Demonstration

Technical-grade cyclodextrin (Hydroxypropyl-p-cyclodextrin) delivered as

liquid bulk 40% solution (Cerestar USA, Inc., Lot # Y 2035) was used for the

experiment. This material was comprised of approximately 90% hydroxypropyl-

p-cyclodextrin (average molar mass = 1363 g/mol) and 10% production

byproducts (primarily hydrated ash). The 40% cyclodextrin solution (7,958 L)

was delivered to a 38,000 L steel storage tank and was mixed with potable water

to achieve a 15% solution. A sump pump was used to provide constant

recirculation within the storage tank, ensuring the cyclodextrin solution was well

mixed throughout the duration of the experiment.
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The well field comprised a line of three injection wells at one end of the

cell and a line of four extraction wells at the opposite end of the cell. Injection

well D1252 was inoperable and thus could not be implemented as a result of a

collapsed well casing. The injection and extraction wells (5.1 cm in diameter)

were constructed of PVC, and were fully screened over the saturated thickness

of the aquifer. The injection wells (D1251, D1253, D1254) included packers (1.4

m long) that were placed near the water table (10.5 meters below the top of the

casing) to ensure fluids were injected only into the saturated zone. A peristaltic

pump (Master Flex I/P from Cole-Parmer, model no. 7549-52) was used to

supply flow to the three injection wells with one pump head (Easy-Load

Masterflex; Cole-Parmer, model no 7529-60). The peristaltic tubing (Masterflex;

Cole-Parmer, Norprene 06402-82) was replaced daily to decrease instabilities in

flow rates due to tubing wear. The flow rate was controlled with individual needle

valves (Whitney Co.) and monitored with flow meters (Cole-Parmer, model N044-

40C). Each extraction well was fitted with its own bladder pump (Marschalk

Corp., Raleigh, NC), which were automated using a Marschalk pump controller

(Series 99000 Programmable controller). The flow was regulated by a series of

alternating vacuum and pump cycles. An automated system was configured to

regulate the influent flow in which a pressure transducer/datalogger system was

integrated in series to a relay switch and the influent pump. The datalogger

(Hermit 3000, In-Situ, Inc.) was programmed and coupled to the influent pump so

that pumping could be automatically regulated to maintain the prescribed water
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table level tolerances. The pressure transducer (PXD-261, serial # 06398; In-

Situ, Inc.) was placed near the center of the test cell. Water level measurements

were also collected manually using an interface sounder. Water levels in the test

cell never fluctuated more than 6 cm at any time during the test.

A seven pore-volume (86,000 L) water flush test was conducted prior to

the CSF. This test provided the opportunity to investigate POE elution under

aqueous flushing conditions. For the CSF, approximately 7 pore volumes

(85,000 L) of the 15 w/w% cyclodextrin solution were pumped through the cell at

an average flow rate of 1-2 L/min during the 54 days of injection. At the

completion of the cyclodextrin solution injection, cyclodextrin-free water was

flushed through the cell for 14 days (equivalent to approximately 2.5 pore

volumes) to remove the cyclodextrin. The flow rate was monitored and adjusted

throughout the tests to maintain the water table in the enclosed cell at about 9.3

meters bgs.

The initial CSF solution comprised approximately 21,000 liters (equivalent

to 1.75 pore volumes) of 15% HPCD solution. The cyclodextrin solution was

recovered and reused throughout the duration of the experiment using an in-line

treatment system (Figure 5.1). The extraction-well effluent was passed through a

7-tray air stripper (ORS Environmental Systems, Site Pro 2000) to remove POE.

The off-gas was passed through a series of granular activated carbon reactors to

remove remaining POE. The treated effluent was directed to the primary storage

tank, from which it was re-injected into the test cell.
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Prior to the CSF, the air stripper was tested to evaluate its effectiveness

for removing PCE from the cyclodextrin solution. One-hundred sixty-seven liters

of a solution containing 150 mg/L POE and 15% HPCD was passed through the

air stripper. Samples were collected in triplicate from the injected solution and

from the air stripper effluent. In all cases, the POE concentrations in the air

stripper were below the quantifiable detection limit (15 i.tg/L).

A defoaming agent (Trans-10, Trans Chemco, Inc., Wisconsin) was used

to prevent foaming in the air stripper, which, if it occurs, can deleteriously affect

operation and performance. This is of particular concern for flushing agents such

as surfactants. The defoaming agent was injected into the extraction-well

effluent stream prior to the air stripper. One-hundred fourteen liters of the

defoaming agent were pumped continuously into the air stripper influent line for

the first 22 days of the 68-day test. The defoaming agent concentrations were

incrementally reduced throughout the 22 days. There were no problems

experienced with foaming in the air stripper at any time during the CSF. This

includes the time the defoamer was being injected (22 days) as well as the

following 46 days wherein no defoamer was used. This demonstrates that

cyclodextrin causes minimal foaming-related problems, which is an important

aspect to consider for recycling and reuse applications employing air stripping.

Aqueous samples were collected at each extraction well during the test

(D1241, D1242, D1243, D1244) to monitor for POE and cyclodextrin

concentrations. The samples were collected with no headspace in 20 mL glass
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vials with Teflon-lined caps. Samples were stored in the dark at 4 degrees °C

until analysis. No evidence of separate-phase PCE was ever seen for any of the

samples.

Cyclodextrin (HPCD) was analyzed using a total carbon analyzer

(Beckman, Model 915A combustion TOC analyzer). Technical grade HPCD

standards were prepared using the cyclodextrin solution, which contains 90%

HPCD and 10% ash and byproducts. Pure HPCD and the byproducts cannot be

separately distinguished by this analysis. The method detection level was

determined to be approximately 0.2%. For PCE analysis, 2 mL of the sample

was added to a 22-mL headspace vial containing 8-mL of a 20% cyclodextrin

solution. PCE concentrations were determined with a gas chromatograph

(Hewlett-Packard 5890), equipped with a flame ionization detector, connected to

a headspace autosampler (Tekmar 7000). The quantifiable method detection

limit was approximately 1 mg/L.

Results and Discussion

Water Flush

Data collected during the 7 pore-volume (23 day) water flush conducted

prior to the CSF can be used to compare PCE removal and dissolution dynamics

under aqueous-flushing conditions to that associated with the CSF. The water

flush produced effluent PCE concentrations well below its aqueous solubility of

approximately 150 mg/L (Figure 5.2). Effluent PCE concentrations fluctuated for

each extraction well over the duration of the water flush, averaging between 20
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mg/L and 120 mg/L depending on the extraction well. Specifically, the average

POE concentration and standard deviation for each well were EW1241: 93±25

mg/L; EW1242: 20±12 mg/L; EW1243: 54±19 mg/L; EW1244: 122±31 mg/L.

These lower-than-solubility values are expected due to factors such as non-

uniform immiscible-liquid distribution, by-pass flow, and dilution. The difference

in the mean concentrations among the four extraction wells likely reflects the

nonuniform distribution of immiscible-liquid phase PCE within the test cell.

Cyclodextrin Transport

The flux-averaged cyclodextrin concentrations in the combined well

influent during the CSF are shown in figure 5.3. The initial cyclodextrin solution

was mixed to a concentration of approximately 20% to account for dilution from

the resident water in the test cell. The targeted HPCD concentration of 15%

(w/w%) was achieved after approximately 9 days into the CSF, after which

concentrations stabilized for the duration of the experiment (Figure 5.3). The

flux-averaged cyclodextrin concentrations in the combined extraction-well effluent

during the CSF are shown in Figure 5.4. Concentrations increase fairly

constantly until approximately 9 days into the CSF, whereafter HPCD

concentrations stabilize at 15%.

The CSF was initially conducted at a rate of approximately 4.7 days per

pore-volume, based on a pore volume determined from cell dimensions (12,000

L). Thus, the center of mass of the arrival wave of a conservative tracer would

be expected to break through at approximately 4-5 days for relatively ideal
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transport conditions. An arrival time of 4.5 days is obtained from a moment

analysis of the cyclodextrin breakthrough curve, which indicates that the

transport of cyclodextrin is not measurably retarded. This result is consistent

with the results obtained from prior laboratory and field experiments, which

indicated that cyclodextrin was not sorbed by a variety of porous media

(Brusseau et al., 1994; McCray and Brusseau, 1998; Brooks et al., 2002).

The HPCD mass equivalent to the 1.75 pore volumes initially stored in the

tank, prior to the start of the CSF, is consistent with the mass determined by

integrating under the combined HPCD injection curve during the first 1.75 pore

volumes. The total HPCD mass injected was determined by integrating under

the combined HPCD injection curve and the recovered mass was determined by

integrating under the combined HPCD extraction curve. Approximately 90% of

the HPCD mass injected was recovered during the 68-day demonstration. One

possible explanation for the 10% unrecovered mass concerns the fact that the

technical grade cyclodextrin used in the demonstration consisted of 90%

cyclodextrin and 10% ash and other byproducts such as ethylene glycol. The

byproducts may have experienced effects such as filtration, adsorption, and/or

degradation during the test. Given that HPCD was analyzed using a total organic

carbon analyzer, which cannot distinguish between HPCD and the byproducts,

loss of the byproducts would result in observation of an apparent mass loss for

HPCD.
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As the cyclodextrin solution was injected and flushed through the cell, a

corresponding decrease in overall flow rate was observed (from 2.4 to 0.9 L/min).

Extraction flow rates decreased, becoming constant after approximately two pore

volumes, as HPCD concentrations increased to a constant value. Conversely,

the flow rates during the final 14 days of flushing with cyclodextrin-free water,

following the time during which HPCD solution was injected and recycled (54

days), were observed to increase (to — 2 L/min) as the HPCD concentration

decreased until termination of the experiment. This change in flow rate is likely

the result of an increase in viscosity due to the addition of HPCD (Blanford et al.,

2001).

PCE Elution and Mass Removal

The integrated elution curve for PCE obtained during the CSF,

representing combined flux-averaged concentrations of the four extraction wells,

is presented in figure 5.2. There is a large initial increase in effluent

concentrations of PCE, followed by a period where PCE concentrations are

constant, and finally a period where there is a decrease in aqueous PCE

concentrations. PCE concentrations decrease asymptotically until they reach a

somewhat constant value near the end of HPCD injection. The initial increase in

PCE concentration occurred simultaneously with the arrival of the maximum

cyclodextrin concentration. The existence of an apparent steady-state phase,

where PCE concentrations remain at a constant maximum, indicates that

solubilization was under equilibrium conditions initially. This observation is
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supported by comparison of the observed solubility enhancement to laboratory-

predicted values, as will be discussed below. However, the effluent PCE

concentrations eventually begin to decrease, indicating a departure from

maximum enhanced solubilization. As PCE mass in the cell is depleted,

dissolution will be increasingly affected by processes such as rate-limited mass

transfer, by-pass flow, and dilution. Thus, the maximum solubility enhancement

is not expected to be maintained indefinitely.

The CSF and the water flush were conducted under nearly identical

hydrodynamic conditions, including a steady-state flow regime and constant

water-table levels. Due to circumstances beyond our control (on-base

restrictions due to high-level security) several flow interruptions took place during

the CSF. The restrictions associated with the site meant that operations had to

be shut down during most weekends. In addition, a single flow interrupt occurred

at 8 days, and lasted for 9 days when on-site air compressors failed. A slight

rebound in PCE aqueous concentrations was observed after approximately 20

days and may be related to this prolonged flow interruption. There are no

observable rebound effects from the short flow interrupts during weekends. This

is likely due to the relatively large residence times associated with the CSF.

Enhanced mass removal of immiscible-phase POE (compared to water

flushing) occurs during the CSF because of the cyclodextrin-induced solubility

enhancement. The maximum solubility enhancement obtained for POE may be

calculated by comparing the peak POE concentrations, measured immediately
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after the maximum cyclodextrin concentrations (15%) were attained, to the

average concentrations measured in the water flush conducted prior to the CSF

(Figure 5.2). The peak POE concentration for the CSF was approximately 1,300

mg/L. The average POE concentration for the water flush was approximately 60

mg/L. These concentrations correspond to an enhancement factor (E) of 21.7.

The enhancement factor estimated from the field data can be compared to

values determined from laboratory experiments, which represent the expected

value based on ideal conditions. An enhancement factor of 22 was estimated

for a 15% cyclodextrin solution based on laboratory data reported by Boving et

al. (1999). The enhancement factor determined for the field test is essentially

identical to the expected value, indicating the maximum possible solubility

enhancement was obtained. This suggests that the enhanced solubilization was

under equilibrium conditions for the initial phase of the CSF. Similar results have

been reported for prior pilot-scale CSF studies (McCray and Brusseau, 1999;

Blanford et al., 2001).

The concentration of POE in the extraction-well effluent is directly

proportional to the solubility enhancement and aqueous solubility. The mass

removal percentage, or relative mass removal, is defined as the mass removed

relative to the initial mass present. Thus, the relative mass removal depends

primarily on the apparent solubility and the duration of flushing. The OSE

removed the equivalent of 33 liters of POE, based on integration of the POE
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effluent data. Based on the initial volume of PCE present prior to the CSF (68.6

L), the CSF achieved 48% removal.

CSF: Implications of PCE Mass Transfer and Removal

The observation of the PCE elution curve, as a result of the CSF

(cyclodextrin), demonstrates that there was an initial maximum solubilization of

PCE as indicated by a short apparent steady-state dissolution phase wherein the

solubilization enhancement is essentially identical to lab-predicted values.

However, PCE concentrations begin to decrease for the remaining duration of

the CSF (cyclodextrin flush), indicating that maximum PCE solubilization was not

maintained although the input of cyclodextrin concentration (15 wt.%) was

constant throughout the experiment. This has significant implications on

interpreting the effectiveness of the cyclodextrin flush.

The PCE dissolution behavior suggests that the CSF experienced reduced

removal efficiencies over time as indicated by the declining PCE concentrations

even though cyclodextrin concentration remained constant until the system was

switched over to cyclodextrin-free water near the end of the CSF experiment.

This PCE elution behavior was quite different than that observed from an

enhanced-solubilization flush conducted by Brooks et al. (2003) at this same site.

Their remediation (cosolvent) flush was performed in the identical test cell that

was used in the later CSF discussed as part of this research. Brooks et al.

(2003) conducted an enhanced-flushing experiment using a 70% ethanol (Et0H)

solution to increase POE mass removal from the test cell. Brooks et al. (2003)
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observed POE elution behavior that was maintained at maximum (or constant

elevated) POE solubilization during a constant Et0H concentration injection. The

observed differences in POE elution behavior for the two demonstrations is an

interesting issue for further investigation.

A simple analysis was conducted to determine if enough POE immiscible

liquid would be available to maintain maximum solubization after the completion

of the CSF. This analysis is grossly simplified only accounting for removal by

ideal dissolution alone. POE volume remaining in the cell was calculated to be

35.6 liters by conducting a mass balance on the POE removed during the CSF

demonstration. It was assumed that this volume was present in the cell as

immiscible liquid phase POE and dissolving into the aqueous phase under ideal

conditions. The total mass (58.4 kg) of POE remaining in the cell after the CSF

was determined by conducting a mass balance (moment analysis). A total mass

(15.1 kg) in the cell under ideal maximum enhanced solubilizing conditions

(1,300 mg/L for POE) was calculated based on a pore volume of 12,000 L. It

was evaluated whether this enhanced solubilization mass (1,300 mg/L) could be

maintained from the total mass present in the cell. Assuming ideal dissolution,

there would be approximately 3.8 times the amount of POE remaining within the

cell necessary to support maximum solubilization. In addition, laboratory

experiments conducted by Imhoff et al. (1994) show that the 90% of the source

zone length must effectively be flushed to produce transient phase decreases in

the immiscible-liquid saturation. This indicates that approximately 90% of the
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immiscible liquid mass must be removed before observed reduction immiscible-

liquid saturation. This suggests that maximum enhanced-PCE concentration in

the cell should be maintained significantly longer than that observed if ideal

conditions existed.

The analysis conducted herein, attempts to understand the PCE-elution

behavior associated with the CSF. The cyclodextrin transport, as previously

discussed, was observed to behave conservatively in the system demonstrating

good recovery and expected ideal mean travel times. This indicates that

cyclodextrin did not experience significant sorption or reactions (e.g.,

degradation, transformation) within the subsurface. Brooks et al. (2003) report

that there was not significant mass loss of Et0H as a result of airstripping or

activated-carbon treatment, suggesting that ideal transport of EON may have

been occurring. These ideal, conservative transport results observed for the

cyclodextrin and Et0H suggest that same processes on transport were similarly

affecting the transport of both flushing agents. This might indicate that hydraulic-

related factors did not contribute to the decreased PCE concentrations observed

during the CSF. This may indicate that other factors related to the chemical

reagent properties and the effects might be influencing the observed different

POE elution behavior. In addition, the immiscible-liquid distribution may impact

the enhanced solubilization behavior of the POE. This may also suggest that

some other process related to the POE transport may be occurring in the

subsurface. This latter conclusion would indicate that different conditions of POE
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distribution transport would have been experienced during the CSF compared to

that of the Et0H flush.

Researchers have shown that immiscible-liquid distributions can

significantly impact dissolution behavior (Powers et al., 1994; Imhoff et al, 1998;

Brusseau et al., 2002). Similarly for this field site, it is expected that immiscible

liquid distribution can influence dissolution and affect resulting PCE removal

(elution) behavior. Immiscible-liquid PCE was released into the test cell by

injecting at a low flow rate to simulate spill conditions. The water table was

lowered below the injection point to first establish the lateral and then vertical

spreading. The water table was then raised to minimize pooling. Under this PCE

emplacement method it is reasonable to assume that immiscible liquid pools or

relatively high immiscible-liquid saturations could exist within the cell. It is also

conceivable that some PCE was distributed (migrate) into regions that are

completely hydraulically inaccessible. If this is the case, it may be expected that

dissolution (removal) behavior will be influenced by factors such as non-uniform

immiscible-liquid distribution, by-pass flow, and dilution. As the immiscible-liquid

is depleted (cyclodextrin flush), nonideal factors may become increasingly

significant, contributing to the reduced PCE concentrations from the combined

extraction, as observed with the CSF.

In addition, during the release process, immiscible-liquid PCE may have

mobilized through high permeability or fracture zones creating pools or zones of

immiscible liquid that are essentially inaccessible to typical flow paths. Again, it
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may be expected that dissolution (removal) behavior will be influenced by factors

such as non-uniform immiscible-liquid distribution, by-pass flow, and dilution.

The presence of immiscible-liquid pools or zones of inaccessible PCE would

likely limit the dissolution process, contributing to the reduced aqueous PCE

concentrations observed during the CSF.

The results of the partitioning tracer test (PTT), conducted prior to the

CSF, may have implications for the potential mass removal constraints observed

during the CSF. The partitioning tracer test significantly underestimated the

amount of immiscible liquid present in the test cell. These results indicate that

the tracers were not contacting the entire amount of immiscible liquid within the

test cell. This suggests that a significant portion of the immiscible liquid may

have been hydraulically inaccessible to the tracers thus underestimating

immiscible liquid volume. As mentioned previously, the distribution of immiscible-

liquid PCE can significantly affect removal processes. If a significant fraction of

the immiscible liquid occurred as pools or within hydraulically inaccessible zones,

limitations of POE removal during remediation efforts may occur.

An important factor to consider, is the fact that the Et0H flush conducted

by Brooks et al. (2003) was implemented before any previous POE releases or

remediation demonstrations. Because several POE releases and remediation

demonstrations were conducted prior to the CSF, it may be expected that both

POE mass and remedial flushing agent mass could be increasingly trapped

within hydraulically inaccessible flushing zones. As mentioned above, the
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underestimates of PCE volume, observed from the partitioning tracer results,

would support the hypothesis that a significant amount of PCE was hydraulically

inaccessible to the flushing agent (cyclodextrin). The fraction of PCE not

removed by previous remediation demonstrations may represent a significant

portion of PCE volume retained within hydraulically inaccessible zones. This

could severely limit the effectiveness of the CSF, or any enhanced-flushing

technology. It may be expected that the POE mass could have been increasingly

trapped within the hydraulically inaccessible zones over the duration of past

demonstrations. Due to the fact that the CSF was the last demonstration to be

conducted in this cell, it may be expected that a significantly larger portion of

mass would be retained in hydraullically inaccessible zones. Conversely, it may

be expected that the first demonstration (cosolvent flush—Et0H), conducted by

Brooks et al. (2003), would have more accessible POE mass available for

flushing. As a result, it may be expected that more POE mass would be available

to maintain maximum solubilization.

As mentioned previously, the POE releases (over time) may have

produced immiscible liquid POE distributions that migrated to inaccessible zones

(low-permeable units) as immiscible-liquid saturation or as "pools". The

enhanced flushing agents used (e.g., cosolvent, surfactant, cyclodextrin) may

have effectively reduced the interfacial tension of the immiscible liquid (POE)

enough to cause some local mobilization. As a result, the denser than water

immiscible-liquid POE could have migrated to hydraullically inaccessible zones
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within the test cell during or after the demonstrations. Cosolvents and

surfactants have been observed in to reduce immiscible-liquid/water interfacial

tension, and therefore, mobilization of PCE from hydraulically inaccessibe

regions may be result. It may be expected that the 70% ethanol solution may

reduce interfacial tension to a greater degree than cyclodextrin. This would

suggest that more PCE would be released from the inaccessible zones (trapped

PCE in low permeability units). Conversely, previous studies have shown that

cyclodextrin does not cause significantly reduce the immiscible liquid interfacial

tension enough to induce mobilization. However, it may have been possible that

immiscible liquid interfacial tension was reduced enough to cause enhanced

mobilization however the likelihood of this is small.

The effects of viscosity due to the presence of cyclodextrin were observed

to reduce flow rates in the cell significantly. This reduction in flow rate coupled to

a slight reduction in interfacial tension of PCE may have allowed the denser than

water immiscible liquid (PCE) to migrate to inaccessible regions within the test

cell. These factors may have contributed to the PCE elution behavior observed

during the CSF.

A central part of this demonstration included the recycling and reuse of

cyclodextrin using an in-line, real-time configuration. Most pilot-scale

remediation projects to date have neglected the aspect of agent recovery and

reuse. It is essential to evaluate the practicability of recycling the remedial

flushing solution to increase efficiency and decrease material costs associated
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with a field-scale remediation effort. The CSF comprised a total of 7 pore

volumes of flushing with cyclodextrin solution, while the initial volume of

cyclodextrin solution equaled 1.75 pore volumes. Thus, the initial volume of

cyclodextrin solution was recycled approximately 3 times during the

demonstration. Concentrations of PCE in the re-injected water averaged

approximately 0.1 mg/L, compared to PCE concentrations as high as 1,300 mg/L

in the extraction effluent. This indicates that the in-line treatment system was up

to 99.99% effective at removing PCE from the 15% HPCD flushing solution.

One question of interest is the potential impact of the CSF on microbial

properties and processes within the treatment zone. While this was not a focus

of the demonstration project, such issues include the effects of increased PCE

bioavailability on its potential biodegradation, possible toxicological effects on

indigenous microbial populations, and direct and indirect impacts on redox

conditions. The enhanced solubilization associated with the CSF generally

increases the availability of the contaminant to potential degrader

microorganisms (Wang et al., 1998). This increase in bioavailability may

increase the biodegradation potential of the contaminant. Prior laboratory and

field work indicates that the cyclodextrin solution does not harm microbial

populations (Wang et al., 1998; Alter et al., 2003). In fact, Alter et al. (2003)

found in a prior pilot-scale CSF study that injection of a cyclodextrin solution

enhanced biodegradation potential. This was attributed to an increase in oxygen

due to injection of aerated water and the increase in bioavailability associated
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with the enhanced solubilization. The CSF solution was aerated in the current

study. Thus, the oxygen content in the treatment zone is expected to have

increased, especially in the vicinity of the injection wells. However, as noted

above, it is possible that some of the byproducts in the CSF solution were

biodegraded during the study. This could have used some or most of the

available oxygen, thereby perhaps driving the system towards anaerobic

conditions. This, in turn, may have promoted biodegradation of the PCE in

conjunction with the increase in bioavailability discussed above. Analysis of

selected aqueous samples collected during the CSF indicate that anaerobic

degradation products (TCE, DCE) may have been present at levels of a few

milligrams per liter. While not conclusive, this suggests that anaerobic

transformation of PCE may have occurred to some degree during the CSF study.

Conclusions

The limitations of pump-and-treat technology for remediating sites

contaminated with immiscible liquids have been well documented. These

limitations were observed for the water flush conducted prior to the CSF. The

results of the CSF show that mass removal of PCE was enhanced significantly

(factor of 12) compared to that of the water flush. For example, approximately 87

pore volumes of water flushing would be required to remove the amount of PCE

removed with the 7 pore-volume CSF, assuming that the POE concentrations

measured during the water flush conducted prior to the CSF would be maintained

indefinitely. This research illustrates the potential of cyclodextrin for remediating
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POE contaminated source zones, at least under the conditions representative of

this site. Analysis of effluent data indicates a significant amount of PCE mass

(54 Kg; 33 liters) was removed during the CSF demonstration. The mass

removal rate for the CSF was much greater than that of the preceding water

flush. In addition, cyclodextrin was demonstrated to be recycled effectively using

an in-line configuration, which will enhance the cost-effectiveness of the CSF

technology.

However, it was demonstrated that there were limitations associated with

POE removal during the CSF. The declining POE concentrations observed by the

elution curve indicate that maximum solubilization could not be maintained after

about 16 days of cyclodextrin flushing. It is suggested that a significant amount

of PCE mass was hydraulically inaccessible within the test cell. PCE mass may

have been increasingly distributed (migrated or mobilized) into hydraulically

inaccessible zones over the time scale of past demonstrations. For this reason,

it is expected that the earlier remediation demonstrations would contact more

hydraulically accessible PCE. This could allow for maximum solubilization to be

maintained, thus producing higher removal efficiencies during enhanced flushing.

These conclusions would support the observed decrease in PCE concentrations

(CSF) and the inability of the POE elution behavior to maintain maximum

solubilization during the final CSF demonstration. A partitioning tracer test,

conducted prior to the CSF, indicates that there may have indeed been

immiscible liquid in the cell that was not accessible to the flow field. Significant



158

underestimation of PCE volume by the PTT suggests that the suite of tracers did

not contact all of the immiscible liquid, thereby supporting inaccessible PCE

mass may have been present in the cell.

The nature of cyclodextrin makes it an attractive option for subsurface

remediation of immiscible-liquid contaminants, especially for situations where

mobilization is undesirable and where the use of higher-toxicity reagents is not

possible. However, site characterization is essential for a successful remediation

effort. As demonstrated in the CSF study, the immiscible liquid removal (e.g.,

enhanced flushing) can be significantly limited by immiscible-liquid distribution.

Nonuniform immiscible-liquid distributions associated with the migration of

contaminant mass (immiscible-liquid) to hydraulically inaccessible regions,

immiscible liquid with low specific surface areas ("pools"), or significant fractions

of immiscible liquid retained in low permeability zones (essentially inaccessible)

can limit the effectiveness of remediation efforts.



159

CHAPTER 6: CONCLUSIONS

Soil and groundwater contamination can pose severe risks to human health

and the environment. These forms of contamination threaten drinking water

supplies and the quality of water resources. Many of the chemicals contributing

to the contamination of drinking water supplies have been listed as potential

carcinogens, mutagens, and teratogens. These types of contaminants are not

only hazardous to human health and the environment, but also are persistent in

the environment. As a result, many of these contaminants can remain in the

environment for years or even decades contributing as long-term sources of

contamination.

This dissertation examined three different aspects of groundwater

contamination by immiscible liquids, both at laboratory and field scale.

Specifically, the first component of this dissertation incorporates a study of

denser than water immiscible-liquid dissolution at the laboratory scale that aims

to shed more light on the factors that affect the rates of immiscible-liquid

dissolution. The second component investigates the effectiveness of a field-

scale partitioning tracer test for the measurement of the amount of denser than

water immiscible liquid in the subsurface. The third component examines the

effectiveness of a field-scale remediation technology for the enhanced removal of

denser than water immiscible liquid in the subsurface.

The laboratory-scale study of the denser than water immiscible-liquid

dissolution included in the first component, specifically investigates the effects of
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the magnitude of immiscible-liquid saturation, distribution and source zone length

on dissolution rates. The effect of the magnitude of the immiscible-liquid

saturation on dissolution rates has not been previously investigated. This aspect

is important for the understanding of the dissolution process and for remediation

design. The level of Immiscible-liquid saturation (S n) used in the study ranges

between 7 and 24%. The effect of grain size distribution (or immiscible-liquid

distribution) on the rates of dissolution has been studied before. The laboratory-

scale research included in this dissertation was conducted under a very specific,

relatively simplified heterogeneous quartz sand distribution similar to that of a

Vinton sand. Even though previous studies have investigated heterogeneous

distributions, their effect on dissolution rates was not examined in conjunction

with different immiscible-liquid source lengths.

The study of the effect of the source length on dissolution rates presented

in this dissertation investigates directly the contribution of this factor to the

dissolution process. Previous research has incorporated a length scale factor to

account for dissolution rate coefficients determined from elution curves. The

observed dissolution data (elution curve) was simulated using a mathematical

representation of dissolution which had to incorporate a length factor to describe

observed dissolution (elution curves). The study presented herein was

conducted to evaluate if initial dissolution rates are dependent on source zone

length or if the findings reported by previous researchers were due to some other

process.
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The laboratory-scale experiments were conducted in both homogenous

quartz sand packings as well as a heterogeneous quartz—sand mixture. Different

source-zone lengths were created by thoroughly mixing predetermined amounts

of immiscible liquid into the quartz-sand media upon which were packed into

different length columns of desired immiscible-liquid saturation. The columns

varied in length from 5 centimeters to 80 centimeters and were packed as both

homogeneous and heterogeneous quartz sand distributions. To be consistent

with previous 2-D flow cell experiments, trichloroethene (TCE) was the denser

than water immiscible liquid chosen for these sets of experiments. Pore water

velocities were consistent between each set of experiments. The measured

elution data were simulated using a mathematical model that incorporated

immiscible-liquid-water mass transfer. The one-dimensional model was

calibrated to the measured data to obtain optimized values for the initial

dissolution rate coefficient. The model incorporates an equation describing

immiscible-liquid dissolution that accounts for changes in the rate coefficient

associated with changes in pore-water velocity and immiscible-liquid saturation

with time. Resulting mass-transfer coefficients determined from optimization

were compared for various experiments. These results show that the length

scale of the system does not affect the mass transfer between the immiscible-

liquid phase and the aqueous phase, for the homogeneous quartz sand

experiments. The results of the heterogeneous quartz-sand distribution

immiscible-liquid dissolution experiments show some inconsistency to the results
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of the homogeneous quartz sand experiments. The heterogeneous quartz sand

distribution 7-cm column produced very similar results to the homogeneous

quartz sand experiments results, indicating that there is no dependence of

source-zone length on initial dissolution rate coefficients for this heterogeneous

system. However, the heterogeneous quartz sand distribution 25-cm column

produced results not consistent to the homogeneous quartz sand experiments,

indicating that there is either some dissolution rate dependency at this column

length under heterogeneous conditions or that there was some error with the

setup of the experiment (e.g., immiscible liquid emplacement) producing

erroneous results. The results from the heterogeneous quartz sand experiments

are not conclusive, however the 7-cm column result suggest that there may be

no source zone length dependence on initial dissolution rate. The transient

dissolution behavior for the heterogeneous quartz sand experiments show

differences to that of the homogeneous experiments. The transient-phase

section of the heterogeneous quartz sand distribution elution curves exhibit

smaller slopes (slower transient-phase dissolution), indicating that transient

dissolution processes may be significantly different than that under

homogeneous quartz sand distributions.

The laboratory-scale experiments incorporated in this dissertation

contribute to a better understanding of the immiscible liquid dissolution process,

with implications for the development of effective remediation schemes and for

improved risk assessment of sites contaminated by immiscible-liquid.
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A second major component of the work presented herein investigates the

effectiveness of a field-scale partitioning tracer method for predicting the amount

of immiscible liquid in the saturated subsurface. A partitioning tracer test (PTT)

was conducted to quantify the amount of immiscible liquid present in a physically

isolated portion of aquifer located at Dover Air Force Base, Delaware. There

have been numerous studies evaluating the effectiveness of partitioning tracer

tests for estimating the amount of subsurface immiscible-liquid contamination. At

many sites the immiscible-liquid saturation is usually in the range of 5-20%. In

addition, much of this previous research investigating PTT effectiveness relies on

comparing PTT estimated immiscible-liquid amount in the subsurface to that

determined by extrapolated soil-core data. However, the reliability of using soil-

core data as a means to compare to PTT-predicted immiscible-liquid quantity is a

concern due to the reliability of using point measurements to describe a much

larger domain. Thus, the motivation of this partitioning tracer test was to compare

the PTT-estimated immiscible liquid quantity to a known injected immiscible liquid

quantity, especially under low immiscible-liquid saturation. This field experiment

located at Dover Air Force Base presented the rare opportunity, under strict

regulatory guidance, to inject tetrachloroethene (PCE) into the surficial well-

contained aquifer (test cell). The well-controlled conditions specific to this

experiment allowed quantification of mass balances, which is problematic for

many contaminated field sites. Due to the fact that the amount (71.3 L) of

immiscible liquid released into the test aquifer (isolated cell) was known, it was
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possible to evaluate the effectiveness of the PTT under the conditions specific to

the site.

A second motivation of the partitioning tracer test was to examine the

efficacy of the partitioning tracer method under complexities related to tracer

mass loss and potential partitioning-tracer sorption. A previous partitioning tracer

test conducted at this exact site reported the observed sorption of a common

partitioning tracer that was also used in the study presented herein. The

researchers who observed sorption of a partitioning tracer at the site account for

tracer mass loss, however, do not account for tracer sorption. In the research

presented in this dissertation both tracer mass loss and tracer sorption was

accounted for in a detailed analysis. There is no prior knowledge of studies

accounting for sorption of the partitioning tracers to date.

Estimates of immiscible-liquid saturation and corresponding immiscible-

liquid volumes in the test cell were determined using a correlation-corrected

sorption adjustment to account for observed tracer retardation. The estimated

PCE volume, based on the most robust set of data, was less than the actual

volume. It was hypothesized that the tracers experienced nonideal transport as a

result of nonuniform immiscible liquid distributions associated with the immiscible

liquid release and emplacement techniques. Demonstrated through detailed

analysis it was shown that immiscible liquid may have been distributed as pools,

trapped within low-permeability zones, and or retained in hydraulically

inaccessible zones thus reducing tracer contact with immiscible liquid resulting in
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reduced PTT-estimated immiscible liquid volumes. In addition, the under-

estimation may reflect uncertainty in the partitioning tracer test related to the

sensitivity required for the low immiscible-liquid saturation associated with the

test, wherein the effective cell-wide PCE saturation was approximately 0.0059.

These results suggest that careful selection of tracers and a thorough

understanding of tracer behavior (e.g., tracer sorption) is essential for the proper

evaluation of the tracer data. The importance and novelty of this research

includes estimates of PTT performance when the amount of immiscible liquid in

the subsurface is relatively low (low immiscible-liquid saturation) and is known.

In addition, real world application of the partitioning tracer test may have to

consider partitioning tracer sorption as a significant factor for accurately

predicting the amount of immiscible liquid in the subsurface. The implications of

this research may make it necessary to assess tracer sorption dependent on a

specific contaminated site and thus correct for tracer sorption if it is found to be a

factor. These findings can help increase the effectiveness of the partitioning

tracer method for predicting subsurface immiscible-liquid contamination which

can aid in remediation design and improve risk assessments.

A third major aspect of the work presented herein investigates the

effectiveness of a field-scale remediation of immiscible liquid using an enhanced

solubilization agent (hydroxypropyl-beta-cyclodextrin) implementing reagent

recovery and reuse. It is well documented that immiscible-liquid contamination in

the subsurface is a major factor limiting site cleanup. This field-scale remediation
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effort was conducted to enhance the removal of immiscible liquid present in a

physically isolated portion of aquifer located at Dover Air Force Base, Delaware.

Previous studies have been conducted investigating the effectiveness of using

cyclodextrin to improve the efficiency of contaminant mass removal. These

studies have tested the ability of cyclodextrin to be recycled, however this aspect

has never been tested at a field-scale remediation effort. Thus, the motivation of

this field-scale enhanced-solubilization remediation effort was to assess the

effectiveness of an enhanced flushing technology during continual recycling of

the reagent. There is no prior knowledge of studies implementing the recovery

and reuse of cyclodextrin at this scale. A second motivation of this work regards

the fact that robust mass balances could be attained due to the unique fact

associated with the well-controlled conditions of the experiment and that the

amount of immiscible liquid in the test cell was known, parameters that are not

common to most contaminated sites. The importance of the research conducted

herein includes the fact that cyclodextrin has not previously been applied: 1) in a

continuous recycling scheme at this scale; 2) under the well-controlled conditions

specific to this site; and 3) under the conditions which make the extent (amount)

of immiscible liquid as a known parameter allowing for robust mass-balance

estimates.

As mentioned above, this field experiment was conducted to investigate

the effectiveness of a cyclodextrin solution for enhanced-solubilization removal of

tetrachloroethene (PCE). An important component of this project was the
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implementation of reagent recovery and reuse. The field-scale remediation

technology investigated in this research is termed a "Complexing Sugar Flush"

(CSF). The CSF is an enhanced solubilization technique whereby cyclodextrin is

used to promote the solubilization of immiscible-liquid PCE. In conjunction with

the enhanced-solubilization remediation field demonstration, seven pore volumes

of potable water were first flushed through the test cell to investigate the aqueous

dissolution dynamics of PCE analogous to common pump-and-treat technology.

The cyclodextrin solution increased the aqueous concentration of PCE in

the extraction-well effluent to as much as 22 times the concentrations obtained

during the water flush conducted prior to the complexing sugar flush (CSF). The

enhancement factor determined for the field test is essentially identical to the

expected laboratory measured values, indicating that enhanced solubilization

was under equilibrium conditions for the initial phase of the CSF. The results of

the laboratory measured values demonstrate that laboratory-scale experiments

can contribute significantly to understanding and predicting contaminant transport

at the field scale. The seven pore-volume CSF removed the equivalent of

approximately 33 liters of PCE from the subsurface. This equates to 48% of the

total initial mass, based on the volume of PCE present prior to the CSF (68.6 L).

Conversely, the seven pore-volume water flush conducted prior to the CSF

removed the equivalent of 2.7 liters of PCE. The use of cyclodextrin as a

flushing agent, especially in a recycling configuration, appears to hold promise

for successful remediation of chlorinated-solvent contaminated source zones.
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The nature of cyclodextrin makes it an attractive option for subsurface

remediation of immiscible-liquid contaminants, especially for situations where

mobilization is undesirable and where the use of higher-toxicity reagents is not

possible. However, site characterization is essential for a successful remediation

effort. As demonstrated in the CSF study, the immiscible liquid removal (e.g.,

enhanced flushing) can be significantly limited by immiscible-liquid distribution.

Nonuniform immiscible-liquid distributions associated with the migration of

contaminant mass (immiscible-liquid) to hydraulically inaccessible regions,

immiscible liquid with low specific surface areas ("pools"), or significant fractions

of immiscible liquid retained in low permeability zones (essentially inaccessible)

can limit the effectiveness of remediation efforts.

Finally, these studies will contribute to the development of an innovative

technology, enhanced-solubilization flushing, to improve overall performance and

cost-effectiveness for the remediation of immiscible liquid at the field scale. By

understanding the influence of immiscible-liquid distribution on dissolution rates

at the laboratory scale the research conducted can improve the prediction of

contaminant fate and transport under increasingly complex systems. The results

from the field-scale experiment implementing the recovery and re-use of

cyclodextrin, an enhanced-solubility agent, will be useful for the determination of

remediation feasibility and effectiveness. Thus, the work presented in this

dissertation provides insight into issues related to contamination of groundwater

by immiscible liquids.



APPENDIX A: TABLES

169



170

Table 3.1. Physical Properties of the 20/30-Mesh Sand

20/30 —Mesh

Particle Diameter d50* (mm)
0.724 ±0.031

Uniformity Coefficient d60/diog
1.184 ±0.039

Particle Density* kg/m 3
2657

Intrinsic Permeability m2
1.38 x 10 -1 0

Hydraulic Conductivity m/s
1.29 x 10-3

Note: * Five sieve analyses were performed for each following methods
presented in (Brusseau et al., 2002).



Table 3.2. Heterogeneous Accusand Distribution (quartz sand mix).

Porous Media: Mixed Accusand (Heterogeneous Distribution)

Mesh Size Percent by Weight (%) Average Diameter (mm)

20-30 18 0.677

40-50 15 0.323

50-70 25 0.239

70-100 22 0.172

100-140 5 0.145

270 15 0.053
Parameters for Entire Sand Distribution

Mean Grain Size 0.279

Uniformity Coefficient U; (d6o/dio) 4.5
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Table 4.1. Non-Partitioning and Partitioning Tracers

Tracers

173

Iodide

Methanol (Me0H)

2-methyl-2-propanol (TBA)

n-hexanol (HEX)

2,4-dimethy1-3-pentanol (DMP)

2-octanol (OCT)

3,5,5-trimethy1-1-hexanol (TMH)
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Table 4.3. Tracer Properties.

Tracer Knw Density (g/cm 3) Co (mg/L)

Iodide 0 N/a 52

Methanol (Me0H) 0 0.791 1894

2-methyl-2-propanol
(TBA)

0 0.786 854

n-hexanol 8 0.819 916

2,4-dimethy1-3-pentanol 30 0.829 577

2-octanol 110 0.821 213

3,5,5-trimethy1-1-hexanol 230 0.824 57
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Table 4.4. Non-Partitioning Tracer Results.

Tail Extrapolation

Tracer MTT R
%

recovery

Iodide 141.59 1.25 107.12

Methanol 102.84 0.91 112.68

2-methyl-2-propanol (TBA) 112.85 1 99.07

No Tail Extrapolation

Tracer MTT R
0/0

recovery

Iodide 137.12 1.3489 106.13

Methanol 97.01 0.954 111.49

2-methyl-2-propanol (TBA) 101.64 1 97.12
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Table 4.5. Partitioning Tracer Results: Tail Extrapolations

Tail Extrapolation
Mass Loss Adjustment

Mass-

Tracer MTT R
PCE Sat

Sn
PCE

Vol (L)
loss rate

coeff.
(k)

n-Hexanol 140 06
'

1
'
22

1.15*
0.0273
0.019*

327.
*228

.
*

0
'
000503

2,4-dimethy1-3-pentanol 151.75
1.33
1. ,,,„

-i u
0.0107
0.0065*

128.4
78* 0.000884

239
'
612-Octanol

2.095
1

'
.53*

0.0098
0.0048*

117
'
6

57.6*
0 001731

'

3,5,5-trimethy1-1-hexanol 327.10
2.86
1.50*

0.00802
0.0021*

96.24
25

.
.2*

0
'
001654

Note: Volumes of PCE based on a pore volume of -12,000 L.
* The values have been corrected to sorption from literature

Koc-Kow correlations.
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Table 4.6. Partitioning Tracer Results: Tail Extrapolations

Tail Extrapolation
No Mass Loss Adjustment

Tracer MTT R
PCE Sat

Sn

PCE
Vol

% tracer
recovery

(L)

n-Hexanol 125
.
70

1.11
1.

'
04*

0.0141
0.00551*

169
'
2

66.1* 93.54

2,4-dimethy1-3-pentanol 127.88
1.13

1.002*
0.0044

0.00007*
52.8
0.8.*

88.4

2-Octanol 158 ' 28
1.
0.83*0.

'
83*

0.0036 43.*
.* 71.34

3,5,5-trimethy1-1-hexanol 204.01
1.81
0.44*

0.0035 42.0* 64.9

Note: Volumes of PCE based on a pore volume of -12,000 L.
* The values have been corrected to sorption from literature

Koc-Kow correlations.
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Table 4.7. Partitioning Tracer Results: Non-Tail Extrapolations.

No Tail Extrapolation
Mass Loss Adjustment

Mass-

Tracer MTT R
POE Sat

Sn
POE

Vol (L)
loss rate

coeff.
(k

n-Hexanol 118.32
1. 125
1.05*

0. 015
0.0068*

180
81.6*

0.000946

2,4-dimethy1-3-pentanol 131.28
1.25
1.12*

0.0082
0.004*

98.4
48*

0.001276

2-Octanol 180.33
1.71
1.14*

0.00645
0.0013*

77.4
15.6*

0.002666

3,5,5-trimethy1-1-hexanol 217.70
2.07

0.707*
0.0046

___*
55.2

0.003297

Note: Volumes of PCE based on a pore volume of -12,000 L.
* The values have been corrected to sorption from literature

Koc-Kow correlations.
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Table 4.8. Partitioning Tracer Results: Non-Tail Extrapolations.

No Tail Extrapolation
No Mass Loss Adjustment

Tracer MTT R
POE Sat

Sn
POE Vol

(L)
% tracer
recovery

n-Hexanol .
103 92

1
'
022

0.952*
0.002799

---*
33.58

90.03

2,4-dimethy1-3-pentanol 110.84
1.09

0.959*
0.003 36

85.76

2-Octanol 123 ' 81
1.22
0.65*

0.001979 23.75
67.03

3,5,5-trimethy1-1-hexanol 130.33
1.28
___*

0.001225 14.7
56.91

Note: Volumes of PCE based on a pore volume of -12,000 L.
* The values have been corrected to sorption from literature

Koc-Kow correlations.



Table 4.9. Equations for Estimating Koc from K.

Equation Reference

Ln K0= Ln K. — 0.7301
McCall, Swann, and Laskowski
1983

Koc = 0.63K0w
Karickhoff, Brown, and Scott
1979

log Koc = 0.544 log K. + 1.377 Kenaga and Goring 1980
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Table 4.10. Test Cell Parameter and Property Data (Columbia Formation).

Parameter/Property Range Source of
Information

Site Characteristics

Average Temperature
High — 75.8 °F (24.3 °C)

Low — 32.0 ° F (0°C)
Historical
Records

Average Precipitation
45 inches (1.14

meters) Annually
Historical
Records

Average Elevation of Site
(Above Mean Sea Level)

35.5 ft (10.8 meters)
Field

Measurements

Maximum Elevation Change 1.9 ft (0.6 meters)
Field

Measurements
Average Elevation of Water

Table (Above Mean Sea
Level)

9.4 ft (2.9 meters)
Field

Measurements

Direction of Groundwater
Flow

Southeast to
Northwest

Field
Measurements

Columbia Formation Geotechnical Data

Average Particle Density 1.70 g/cm 3
Laboratory

Measurements

pH Range 4.9 — 6.4
Laboratory

Measurements

Organic Content (by Weight) 0 — 1.7%
Laboratory

Measurements

Clay Content (by Weight) 7.9 — 46.9%
Laboratory

Measurements
Average Water Content

(by Weight)
17.5%

Laboratory
Measurements
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Table 4.11. Test Cell Property Data-Hydrogeological Data (Columbia Formation).

Columbia Formation Hydrogeological Data

In Situ Hydraulic
Conductivity (K)

7.8 x 10 -4 to 3.1 x 10 -3

cm/s
(2.2 to 8.8 ft/day)

Laboratory
Measurements

Average In Situ Radial
Hydraulic Conductivity (K r)

5 x 10 -3 cm/s (14.2 ft/day) Laboratory
Measurements

Average In Situ Vertical
Hydraulic Conductivity (Kz)

3 x 10 -4 cm/s (0.85 ft/day) Laboratory
Measurements

Average Specific Yield 0.28 Laboratory
Measurements

Average Storativity 1 x 10 -5 cm -1 (3 x 10 -4 ft-1)
Laboratory

Measurements
Average Radial

Transmissivity (Tr)

1.9 cm 2/s (2.5 x 10 -4

ft2/d ay)
Laboratory

Measurements
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Table 5.1. Test Cell Parameter and Property Data (Columbia Formation).

Parameter/Property Range
Source of

Information

Site Characteristics

Average Temperature
High — 75.8 °F (24.3°C)

Low — 32.0° F (0°C)
Historical
Records

Average Precipitation
45 inches (1.14

meters) Annually
Historical
Records

Average Elevation of Site
(Above Mean Sea Level)

35.5 ft (10.8 meters)
Field

Measurements

Maximum Elevation Change 1.9 ft (0.6 meters)
Field

Measurements
Average Elevation of Water

Table (Above Mean Sea
Level)

9.4 ft (2.9 meters)
Field

Measurements

Direction of Groundwater
Flow

Southeast to
Northwest

Field
Measurements

Columbia Formation Geotechnical Data

Average Particle Density 1.70 g/cm 3
Laboratory

Measurements

pH Range 4.9 — 6.4
Laboratory

Measurements

Organic Content (by Weight) 0 — 1.7%
Laboratory

Measurements

Clay Content (by Weight) 7.9 — 46.9%
Laboratory

Measurements
Average Water Content

(by Weight)
17.5%

Laboratory
Measurements
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Table 5.2. Test Cell Property Data-Hydrogeological Data (Columbia Formation).

Columbia Formation Hydrogeological Data

In Situ Hydraulic
Conductivity (K)

7.8 x 10 -4 to 3.1 x 10 -3

cm/s
(2.2 to 8.8 ft/day)

Laboratory
Measurements

Average In Situ Radial
Hydraulic Conductivity (K r)

5 x 10 -3 cm/s (14.2 ft/day) Laboratory
Measurements

Average In Situ Vertical
Hydraulic Conductivity (Kz)

3 x 10 -4 cm/s (0.85 ft/day)
Laboratory

Measurements

Average Specific Yield 0.28
Laboratory

Measurements

Average Storativity 1 x 10 -5 cm -1 (3 x 10 -4 ft-1)
Laboratory

Measurements
Average Radial

Transmissivity (Tr)

1.9 cm 2/s (2.5 x 10 -4

ft2/day)
Laboratory

Measurements
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Table 5.3. Test Cell Property Data — Particle Size Analysis (Columbia
Formation).

Columbia Formation Particle Size Analysis

Very Course Sand 5.8%
Laboratory

Measurements

Course Sand 11.2%
Laboratory

Measurements

Medium Sand 19.6%
Laboratory

Measurements

Fine Sand 13.1%
Laboratory

Measurements

Very Fine Sand 5.5%
Laboratory

Measurements

TOTAL SAND 55.1%
Laboratory

Measurements

Course Silt 4.8%
Laboratory

Measurements

Medium Silt 13.3%
Laboratory

Measurements

Fine Silt 4.8%
Laboratory

Measurements

TOTAL SILT 22.8%
Laboratory

Measurements

TOTAL CLAY 22.1%
Laboratory

Measurements
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Table 5.4. Test Cell Parameter and Property Data (Calvert Formation).

Parameter/Property Range Source of
Information

Calvert Formation Geotechnical Data

Average Particle Density 2.6 g/cm3 Laboratory
Measurements

Calvert Formation Hydrogeological Data
Average In Situ Hydraulic

Conductivity (K)
2.96 x 10 -6 cm/s
(8.4 x 10 -3 ft/day)

Field
Measurements

Average Ex Situ Hydraulic
Conductivity (K)

1.41 x 10 -6 cm/s
(4.0 x 10 -3 ft/day)

Laboratory
Measurements

Inner Well (MW series) Construction Data

Number of Wells Installed 20 Construction
Data

Diameter of Wells 2 Construction
Data

Well Pipe Type PVC Construction
Data

Well Pipe Schedule 40 Construction
Data

Average Depth of Wells 40' Construction
Data

Number of Intervals
Screened

3 (27 to 29.5, 32 to 34.5,
and 37 to 39.5 ft bgs)

Construction
Data
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Figure 3.1.	 Relative Trichloroethene (TOE) Concentration vs. Pore Volume.
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Figure 4.2. "True" Breakthrough Curve for Conservative and Retarding Solute;
R=3, 70% Recovery for Retarding Solute.
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Figure 4.3. Conservative Solute versus Retarding Solute without Mass-Loss
Adjustment; "Moment" Calculated R = 2.5.

Conservative Solute vs Retarding Solute
without Moment Generated Mass-Loss Adjustment

"Moment" R= 2.5

PV

192



0 2 864 10

—0— Conservative Solute

—o— Retarding Solute w/ Mass-Loss Adjustment

°°	 '61212mmtam massmessm.....
********** ............ ............ ..warmumoomosomegoomak.wymitt.

0.2

0.25

193

Figure 4.4. Conservative Solute versus Retarding Solute with Mass-Loss
Adjustment; "Moment" Calculated R = 3.0.
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Figure 4.5. Partitioning Tracer Recovery versus Immiscible-Liquid/Water
Partition Coefficient (Knw).
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Figure 4.6. Simulated Conservative Tracer tert-Butyl Alcohol (TBA)
Concentration vs. Pore Volume, a) arithmetic-scale, b) logarithmic-
scale.
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Figure 4.7. Simulated n-Hexanol (HEX) Concentration vs. Pore Volume w/o p
Parameter Adjustment. a) arithmetic-scale, b) logarithmic- scale.
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Figure 4.8. Simulation of 2,4-Dimethy1-3-Pentanol (DMP) Concentration vs. Pore
Volume w/o 3 Parameter Adjustment. a) arithmetic-scale, b)
logarithmic- scale.
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Figure 4.9. Simulation of 2-Octanol (OCT) Concentration vs. Pore Volume w/o [3
Parameter Adjustment. a) arithmetic-scale, b) logarithmic- scale.
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Figure 4.10. Simulation of 3,5,5-Trimethy1-1-Hexanol (TMH) Concentration vs.
Pore Volume w/o 13 Parameter Adjustment. a) arithmetic-scale, b)
logarithmic- scale.
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Figure 4.11. Simulation of n-Hexanol (HEX) Concentration vs. Pore Volume, with
13 Parameter Adjustment. a) arithmetic-scale, b) logarithmic- scale.
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Figure 4.12. Simulation of 2,4-Dimethy1-3-Pentanol (DMP) Concentration vs.
Pore Volume, with 13 Parameter Adjustment. a) arithmetic-scale, b)
logarithmic- scale.
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Figure 4.13. Simulation of 2-Octanol (OCT) Concentration vs. Pore Volume, with
13 Parameter Adjustment. a) arithmetic-scale, b) logarithmic- scale.
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Figure 4.14. Simulation of 3,5,5-Trimethy1-1-Hexanol (TMH) Concentration vs.
Pore Volume, with 13 Parameter Adjustment. a) arithmetic-scale, b)
logarithmic- scale.
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Figure 5.2. Comparison of PCE effluent concentrations obtained for the CSF
(15% HPCD solution) and water flush tests.
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Figure 5.3. Influent HPCD Concentrations.
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