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ABSTRACT

The effectiveness of a cyclodextrin (sugar-based) solution for enhanced-

solubilization removal of multicomponent nonaqueous phase organic liquid (NAPL)

contamination from an aquifer is tested in a pilot-scale field experiment. This effort is

the first field test of this innovative technology, termed a "Complexing Sugar Flush"

(CSF). The saturated zone within an enclosed cell was flushed with 8 pore volumes of

10wt% cyclodextrin solution. The cyclodextrin solution increased the aqueous

concentrations of all the target contaminants to values from about 100 to more than

20,000 times the concentrations obtained during a water flush conducted immediately

prior to the CSF. The degree of solubility enhancement was greater for the more-

hydrophobic contaminants. Conversely, the relative mass removal was greater for the

less-hydrophobic compounds due to their generally higher apparent solubilities. The

average reduction in NAPL mass for the target contaminants was about 41%. A

relationship is developed to describe enhanced dissolution of a multiple-component

NAPL, and is used to analyze the field data. The effluent concentrations for most of the

target contaminants during the cyclodextrin flush were within a factor of two of the

equilibrium values predicted using this theory. Deviations from ideal dissolution

behavior were also observed. Finally, the cyclodextrin solution appeared to significantly

enhance both the magnitude and the rate of NAPL dissolution compared to a water

flush conducted prior to the cyclodextrin flush. These results contribute to a better

understanding of the important physicochemical processes involved in using enhanced-

solubilization agents for the remediation of multiple-component NAPLs.
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CHAPTER 1. INTRODUCTION AND OBJECTIVES

Introduction

Nonaqueous phase (immiscible) organic liquids (NAPLs) are known to be a

serious ground water pollution problem (Mercer and Cohen, 1990; NRC 1994). Typical

NAPLs include spent solvents, fuels, pesticides, and coal tars. During migration in the

subsurface, NAPLs become trapped at residual saturations in pores where capillary

forces dominate over buoyant and viscous forces. NAPL that is less dense, or lighter,

than water (LNAPL) will remain at the water-table surface. Dense fluid (DNAPL) will

continue its downward transport below the phreatic surface. At permeability or capillary

barriers (such as clay layers), the NAPL may also collect in "pools" at saturations

greater than the residual value. In cases where the elevation of the water table

fluctuates, LNAPL may be spread throughout portions of the saturated zone. NAPL is

trapped in subsurface pores as the water table and buoyant LNAPL proceed to a lower

elevation. When the water table returns to a higher elevation, the trapped LNAPL

remains at residual saturation in the resulting saturated zone. Subsurface zones

containing light NAPL trapped in this manner are often referred to as "contaminant

smear zones".

In a field scenario, very large hydraulic gradients (i.e., large average pore-water

velocities) are usually required to displace residual quantities of immiscible liquids

(Wilson and Conrad, 1984; Lake, 1989). Hence, the primary means of removal will be

dissolution into flowing ground water. Conventional pump-and-treat techniques are

generally ineffective for removal of NAPL from the saturated zone (Mackay et al.,
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1985). Thus, the presence of residual NAPL can serve as a long-term source of

ground-water contamination, and may severely limit the attainment of remediation goals

at many sites (e.g., Mackay et al. 1986; Mackay and Cherry, 1989).

Due to the well-documented limitations of pump and treat, alternative methods

for remediation of subsurface NAPL contamination are a focus of current research

(Begley, 1997; NRC, 1994; Palmer and Fish, 1992). 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 pollutants is increased by the

addition of a solubility-enhancement agent to the flushing fluid. Cosolvents (such as

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

purpose (Palmer and Fish, 1992).

Numerous laboratory studies have been conducted to investigate the

effectiveness of surfactants and cosolvents for solubility enhancement (e.g, see Imhoff

et al. 1995; Shiau et al. 1995 for summaries). However, porous-media heterogeneity,

NAPL distribution, and NAPL composition are likely to be much more complicated at

the field scale than in a carefully controlled laboratory study. Thus, many researchers

agree that scientific research in environmental restoration should include pilot-scale

field experiments to gain the information necessary to design and conduct successful

full-scale remediations (West 1995; Sabatini et al. 1996; Gierke and Powers, 1997;

Fountain, 1997). This is particularly essential when the contaminant distribution and

hydrogeologic conditions are complex. However, few field tests of enhanced-solubility,

in situ flushing technologies have been conducted, particularly for sites with complex

NAPL mixtures. To date, only the studies of Abdul et al. (1992), Knox et al. (1997), and



14

Rao et al. (1997) have investigated enhanced dissolution of multicomponent NAPLs at

the field scale.

The overall objective of this work is to investigate the use of enhanced-solubility

agents (enhanced-solubility agents) for use in remediation of multicomponent NAPLs at

the field scale. Cyclodextrin, a glucose (sugar)-based enhanced-solubility agent, is the

focus of this research. It is expected that the results from this work will also improve the

understanding of the physical and chemical processes that affect the laboratory- and

field-scale behavior of other enhanced-solubility agents (e.g., surfactants, cosolvents,

dissolved organic matter, and various complexing agents).

Objectives

The specific, primary objectives of this research are to:

1. Develop a general theory for enhanced dissolution of multiple-component NAPLs

into a solution containing an enhanced-solubility agent;

2. Develop a data base of important physicochemical properties regarding the use of

hydroxypropy1-3-cyclodextrin for enhanced-solubilization of NAPLs at the field scale;

3. Determine if hydroxypropyl-p-cyclodextrin, an enhanced-solubility agent never

before used at the field scale, can be effective at removing a multicomponent NAPL

from an existing hazardous waste site;

4. Determine if data from simple laboratory experiments can be used to gain insight

into the remediation performance of the cleanup technology, and to predict

enhanced-dissolution behavior during a well-controlled field experiment;
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5. Examine the important mechanisms controlling mass transfer between a

multicomponent NAPL and an enhanced-solubility flushing agent at the field scale;

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

remediation, the standard method for ground-water remediation, during a pilot-scale

field test.

It is my hope that these finding will also be useful for the determination of feasibility,

design, and implementation of remediation schemes using not only cyclodextrin, but for

other enhanced-solubility agents as well.

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 foster the solubilization of NAPL.

Overview of Chapters

Chapter 2 contains background on previous bench-scale studies of cyclodextrin

for enhanced solubility of organic compounds, and a discussion of the potential of using

cyclodextrin for subsurface NAPL remediation. This chapter also contains an extensive

review of the literature on dissolution of NAPLs in water and in solutions of enhanced-

solubility agents. Chapter 3 presents a thermodynamics-based derivation of the

relationship for equilibrium dissolution of a multicomponent NAPL in the presence of an

enhanced solubility-agent solution, and also discusses rate-limited dissolution of NAPL in

the presence of an enhanced-solubility agent solution (objective 1). Chapter 4 presents

the results of laboratory experiments regarding cyclodextrin-enhanced dissolution of

organic compounds and measurement of hydrodynamic parameters related to the fluid
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dynamics of a cyclodextrin solution (objective 2), and offers a discussion of the basic

principles of cyclodextrin-enhanced remediation. Chapter 5 includes discussion on the

materials and methods used for the pilot-scale cyclodextrin-flushing field experiment.

Chapter 6 reports the results of the field experiment related to NAPL-mass removal

effectiveness of the cyclodextrin flush (objective 3). Chapter 7 examines the important

mechanisms controlling mass transfer between a multicomponent NAPL and an

enhanced-solubility flushing agent at the field scale (objectives 4 and 5). Chapter 8

examines the effectiveness of a cyclodextrin flush for NAPL remediation at the field

scale compared to traditional pump-and-treat technology (objective 5). Chapter 9

presents the overall conclusions of this work.

Chapter 6 is the basis for a manuscript that has been accepted for publication in

the journal Environmental Science and Technology (McCray and Brusseau, 1998a).

Chapter 7 is the basis for a manuscript that is currently in review for publication in

Environmental Science and Technology (as of March 1998) (McCray and Brusseau,

1998b). Chapter 8 is the basis for a manuscript that has been accepted for publication

as one chapter in a book on innovative remediation technologies published by the

American Chemical Society (McCray et al., 1998).
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

Background

General. The contamination of ground water by hazardous organic chemicals

and the associated risks to humans and the environment have become issues of great

importance. Nonaqueous phase organic liquids (NAPLs) are a common cause of

ground-water pollution and occur in the environment at numerous contaminated sites

(Mercer and Cohen, 1990; NRC, 1994). Examples of NAPLs include solvents,

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

U.S.E.P.A. estimates that approximately 310,200 metric tons of waste solvents alone

were produced by degreasing operations (Mercer and Cohen, 1990). Several fuel

constituents are among the contaminants that show the most frequent occurrence at

SuperFund sites (Boulding, 1995). There are over two million gasoline underground

storage tanks in the U.S., with 90,000 confirmed releases occurring between 1989 and

1990 (US EPA, 1990). Gasworks were cited as the largest source of ground-water

contamination in 100 sites surveyed in The Netherlands (Zoeteman, 1985).

The aqueous solubilities for many organic compounds are often very small,

typically in the order of milligrams per liter. Therefore, large amounts of water must be

flushed through the subsurface to remove the contaminant mass, even under

conditions of equilibrium mass transfer between the NAPL and aqueous phases.

However, NAPL dissolution is rate-limited (this topic will be discussed in a forthcoming

section), and mass removal can occur much more slowly than expected for equilibrium-
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dissolution conditions. According to the National Research Council, the presence of

NAPL is the single most important factor limiting site cleanup (NRC 1994).

Pump-and-treat, or water flushing, is generally considered to be ineffective for

NAPL remediation for the reasons described above. Nonetheless, about 93% of all

Superfund ground-water remediations are conducted using pump and treat (Begley,

1997). Due to the well-documented limitations of pump-and-treat remediation,

alternative methods for removal of subsurface NAPL contamination are a focus of

current research (NRC, 1994; Palmer and Fish, 1992). Chemically enhanced in-situ

flushing is an innovative remediation technique that is currently attracting a great deal

of attention. In this technique, dissolution of NAPL 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. A thorough discussion of cosolvent- and surfactant-enhanced dissolution and

mobilization are presented later in this chapter in the literature review section.

Gierke and Powers (1997) and Fountain (1997) outline the need for field-testing

innovative technologies before they are used for long-term cleanup. This is particularly

true when the contaminant distribution and hydrogeologic conditions are complex.

However, there are few documented studies of applying enhanced-solubilization

remediation technologies (e.g., Abdul et al., 1992; Rao et al. 1997; Knox et al., 1997) or

enhanced-mobilization techniques (Falta et al., 1998; Jawitz et al., 1998) to sites

containing complex NAPL mixtures. For this research, an enhanced-flushing agent

called cyclodextrin was used for the first time to test pilot-scale remediation of a

multicomponent NAPL.
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Cyclodextrin: An Enhanced-Solubility Agent. Cyclodextrins have long been

used for pharmaceutical applications (e.g. drug delivery). Cyclodextrin is a polycyclic

oligosaccharide, or sugar (similar to household corn starch), formed from the

degradation of starch by bacteria (Bender and Komiyama, 1978). Base cyclodextrins

are composed of several glucose (C6 F1 1206) molecules arranged in a toroidal shape as

illustrated in Figure 2.1. Specifically, the base units are comprised of alpha-(1,4)-

linkages of a number of "chair-shaped" D(+)-glucopyranose units. Cyclodextrin

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

toroid: a for 6, p for 7, and y for 8. Other cyclodextrin molecules also exist but are less

common (Bender and Komiyama, 1978). The molecular weights of the base

cyclodextrins range from 972 to 1297.

These lampshade-shaped molecules have a hydrophobic, non-polar interior and

a hydrophilic, polar exterior. 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). Relatively non-polar organic contaminants partition to the interior of the

molecule (i.e., an inclusion complex is 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 nature of the binding force between cyclodextrin (host) and an organic

contaminant (guest) remains a controversy. The strongbinding 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.
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FIGURE 2.1 Schematic of chemical structure and idealized "lampshade shape" of
hydroxypropyl-p-cyclodextrin molecule.
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The following mechanisms are associated with favorable enthalpy changes and

are thought to provide important contributions to the binding force (Bender and

Komiyama, 1978):

1. van der Waals interactions between guest and host;

2. hydrogen bonding between the 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;

4. release of strain energy in the macromolecular ring of the cyclodextrin.

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

(Bender and Komiyama, 1978). Their solubilities can be increased by addition of polar

functional groups. The cyclodextrin derivative used in this research, for example, is a

beta cyclodextrin modified to include hydroxypropyl groups. This molecule is termed

hydroxypropy1-6-cyclodextrin (HPCD), and has a solubility of greater than 500 g/L.

Such high solubilities allow relatively high concentrations to be used in field

applications. The molecular weight of HPCD ranges from 1326 to 1500, depending in

part on the degree of hydroxpropyl substitution.

The pKa of the hydroxyl groups associated with the external surface of the

cyclodextrin is about 12 (Bender and Komiyama, 1978). Thus, cyclodextrins will remain

polar in essentially all naturally aqueous environments. Solubilization by cyclodextrin is

insensitive to changes in pH and ionic strength (Wang and Brusseau, 1995).

Cyclodextrins are resistant to precipitation. For example, the addition of CaCl2 to a

solution of carboxymehty1-6-cyclodextrin did not cause precipitation (Wang and
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Brusseau, 1995). Thus, clogging of well screens and samplers during field-scale

flushing is unlikely, and its use is not expected to affect aquifer permeability. The

presence of cyclodextrin in water has negligible effect on pH or ionic strength

(Brusseau et al., 1998a). The addition of cyclodextrin should not alter physicochemical

properties of the porous medium.

Cyclodextrins are stable under typical environmental conditions. For example,

the half-life for hydrolysis of cyclodextrin is 48 days under extreme conditions (ph<O,

T = 40 °C) (Bender and Komiyama, 1978) and would be much longer for environmental

conditions. HPCD has been shown to be resistant to biodegradation for time periods of

at least a few months (Wang et al., 1998). However, given the saccharide-based

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

particularly at low concentrations. Thus, traces of cyclodextrin that may remain in the

subsurface after remediation are expected to be biodegraded.

As a sugar, cyclodextrin has some inherent advantages for use as a

remediation agent. For example, it is considered non-toxic to humans; thus, there are

minimal health-related concerns associated with the injection of 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.

Cyclodextrin experiences little or no sorption to aquifer solids (Brusseau et al., 1994),

does not partition appreciably to the NAPL phase (discussed in Chapter 4) (Wang and

Brusseau, 1995). Thus, it is easily removed from the subsurface after use, which is an

issue of regulatory concern. As will be discussed in Chapter 4, cyclodextrin does not

significantly reduce the interfacial tension of the NAP L-water interface and, therefore, is
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unlikely to mobilize NAPL (Bizzigotti et al., 1997; Wang and Brusseau, 1998). While

mobilization can enhance removal of NAPL from the subsurface, it can be difficult, in

some cases, to capture all mobilized NAPL during remediation (e.g., Farley et al., 1992;

Fountain, 1995; Sabatini et al., 1996; Mason and Keuper, 199). Remediation

techniques based on mobilization, therefore, may not be appropriate under certain

circumstances. Cyclodextrin solutions are slightly less-dense than water (Chapter 4),

which minimizes the potential for loss of hydraulic control during remediations due to

buoyancy-related sinking of the remediative fluid.

An indirect benefit of cyclodextrins is that they have the potential to enhance in-

situ bioremediation. For example, Wang et al. (1998) reported that the presence of

HPCD enhanced the rate of phenanthrene biodegradation. Thus, it is possible that HPCD

may enhance in-situ bioremediation as well as solubilization. Cyclodextrin has also been

shown to complex metals in the presence of organic contaminants (Wang and Brusseau,

1995). Thus, they may be useful in remediation of sites contaminated with mixed-wastes

(e.g., organics and metals).

Cyclodextrin may also have some potential disadvantages. At many sites, the

post-remediation flushing solutions are into industrial waste-water treatment systems.

The chemical oxygen demand is potentially very large for cyclodextrin (see Chapter 4).

While cyclodextrin appears to be resistant to degradation in ground-water systems, it

may degrade more readily in waste-water treatment systems because of the highly-

efficient degradation processes operating in these systems. The potential chemical

oxygen demand for cyclodextrin is very large (Chapter 5). Thus, if cyclodextrin solution
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is introduced into a waste-water treatment system, it must be diluted or pulsed into the

system.

While cyclodextrin is produced at commercial scales (Cerestar USA Inc., 219-

659-2000, Hammond IN 46320), it is somewhat more expensive than common

surfactants. However, given the above discussion, cyclodextrin may be more cost-

effective under certain conditions. In addition, recent research indicates that cyclodextrin

is readily recyclable after use in NAPL remediation (Boving et al., 1998) and thus may

prove to be cost effective for field-scale operations. The economic feasibility of using

cyclodextrin for field-scale remediation, as for cosolvents and surfactants, should be

made on a case-by-case basis. The well-documented benefits and limitations of

surfactants and cosolvents are addressed in the next section.

Prior to undertaking a new study on enhanced-dissolution of NAPLs, it is

important to thoroughly review the existing literature on NAPL dissolution. The bulk of the

existing literature on this topic involves theory and application of NAPL dissolution in

water, surfactant solutions, and cosolvent solution. An in-depth review of this literature is

presented below.

Literature Review

Overview. It is widely accepted that conducting accurate risk assessments and

designing effective remediation systems require a full understanding of the mechanisms

controlling NAPL dissolution (Miller et al., 1990; Bedient, 1991; Powers et al., 1994).

The bulk of the research literature on this topic concerns mass transfer from a single-

component NAPL into water. Such research has contributed greatly to our
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understanding of NAPL-contaminated sites. However, many hazardous waste sites

contain multiple-component NAPLs (Mercer and Cohen, 1990; Lee et al., 1992a;

Borden and Kao, 1992; Peters and Luthy, 1994; Mackay et al, 1996; Rao et al., 1997).

Examples of these types of wastes include chlorinated solvents, coal tars, pesticides,

and various petroleum-based fuels.

The presence of a multicomponent NAPL provides additional complications.

The dissolution of components into water is controlled by the aqueous solubility of each

component and the composition of the immiscible liquid. In the presence of an

enhanced-solubilization agent, the equilibrium concentration of a single-component

NAPL, or "apparent solubility", should be significantly enhanced compared to the water

solubility. However, the enhancement may vary among the components in the mixture.

Thus, the agent may change the relative order of dissolution of components from the

mixture compared to that in water alone. Additionally, NAPL- and aqueous-phase

nonidealities may become more important when cosolvents or surfactants are present.

The mixture composition may also affect the dissolution rate, as is proposed to occur in

NAPL-water systems (Powers et al., 1994; Borden and Kao, 1992; Priddle and

MacQuarrie, 1994). Knowledge of the dissolution behavior of multicomponent NAPLs,

in general, is essential to the prediction of their impact on groundwater quality. An

understanding of enhanced dissolution of multiple-component NAPLs is also desirable

for appropriate design and management of enhanced-flushing remediations.

The NAPL Dissolution and Removal Problem. Design of pump-and-treat

remediation schemes traditionally assume that predictions for removal of organic

pollutants from an aquifer may be based on the principle of equilibrium dissolution
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(Zheng, et al., 1991; Higgens and Byers, 1989). However, field data frequently show

that ground water concentrations of NAPL constituents are well below their respective

aqueous solubilities (Mackay and Cherry, 1989; Mercer and Cohen, 1990). During

pump-and-treat remediation, contaminant concentrations usually decrease rapidly after

initiation of pumping, then level off at some asymptotic value (U.S. EPA, 1989; Harvey

et al. 1994). Factors responsible for this type of behavior may include (1) aquifer

heterogeneities (2) relative permeability effects such as NAPL bypassing, (3) rate-

limited mass transfer between the aqueous and NAPL phases, and (4) NAPL mixture

composition effects on the equilibrium aqueous concentrations of the individual

constituents (Mackay and Cherry, 1989; Palmer and Fish, 1992; Powers et al., 1991;

Borden and Kao, 1992; Imhoff et al., 1994; Mayer and Miller, 1996).

Previously, most attempts to model NAPL-contaminated subsurface scenarios

treat NAPL dissolution into the aqueous phase as an equilibrium interphase partitioning

process (Abriola and Pinder, 1985, Corapcioglu and Bear, 1987; Powers et al., 1994).

However, many researchers have concluded that kinetic mass transfer is important

under certain conditions (Hunt et al., 1988b; Brusseau, 1992; Powers et al., 1991;

Borden and Kao, 1992; Geller and Hunt, 1993; Imhoff, et al. 1994). Thus, a thorough

discussion of the literature regarding rate-limited NAPL dissolution is an important first

step for the investigation of any NAPL-remediation technique. In particular, this

appears to be the case when (1) ground water velocities are high, (2) NAPL saturations

are low, (3) NAPL is distributed as large blobs filling several pores (Hunt, et al., 1998a;

Powers et al.,1991), and (4) the mole fraction of a contaminant in a NAPL mixture is

small (Borden and Kao, 1992). Even in cases where NAPLs initially undergo
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equilibrium dissolution the interfacial are for NAPL-water mass transfer may shrink with

time, which, as will be discussed below, may result in eventual rate-limiting behavior.

Rate-Limited Dissolution of Single-Component NAPLs in Water: The rate-

limiting step for dissolution of NAPL is often assumed to be diffusion of an organic

species away from the NAPL-water interface into the bulk aqueous phase. In the

published literature, a single-resistance, linear driving force model is the most

commonly used model for nonequilibrium dissolution processes. This model assumes

that the rate of mass transfer (dm/dt) between a NAPL phase and a flowing aqueous

phases is proportional to the product of the interfacial area (AO and the concentration

difference across the interface (Weber, 1972)

dmldt = Aif k (C if - C(t)) (2.1)

where Cif is the chemical concentration [M 1:3] at the NAPL-water interface, C(t) is the

actual concentration in the aqueous phase at a given time, t, and k is the proportionality

term [LT 1], or mass-transfer coefficient. The aqueous solubility (C*) is often

conveniently used to represent the unknown interface concentration; this approach

assumes that a boundary layer of water at the NAPL-water interface is in chemical

equilibrium with the organic phase. For contaminant transport, the nonequilibrium

dissolution process is often accounted for as a source/sink term in a mass balance

equation. In the advection-dispersion equation, for example, this term represents the

rate of mass transfer of the organic contaminant from the NAPL phase to the aqueous

phase per unit volume of porous media (V) per unit time

(dC/dOinterphase mass transfer = k a (C * - C(t))	 (2.2)
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where a is the specific interfacial area, or interfacial per unit volume (a=Aif N). Often,

the specific interfacial area and the mass transfer coefficient is "lumped" into a single

mass-transfer rate coefficient, keff = k a, to avoid the difficult quantification of the

interfacial area The distinction between the "mass-transfer coefficient" (k), and the

mass-transfer rate coefficient (keff) is somewhat arbitrary in the literature. However, the

coefficient, keff , has units of [T 1, which are traditionally associated with "rate

coefficients". Thus, this convention will be used in this review. For the above approach

to be rigorously valid, the mass transfer between the NAPL and stagnant water films

coating the soil grains must provide a negligible contribution to the total mass transfer.

For mass transfer through liquid-liquid boundary layers, the mass transfer

coefficient is proportional to the free-liquid diffusivity (D 1) of the solute, and inversely

proportional to the boundary layer thickness (Welty, et al., 1969). Thus, in the

hydrologic literature, the mass transfer coefficient is commonly correlated to the so-

called Sherwood number (Sh = k lc / D I ) , where lc is a characteristic length of mass

transfer. In the chemical engineering literature, the Sherwood number is, in turn, often

correlated to dimensionless parameters which are related to the physical properties of

the porous media and the advective and diffusive properties of the flowing liquid (such

as the Reynolds, Schmidt, and Peclet numbers). Thus, in the hydrologic literature, keff

is often correlated with these dimensionless numbers.

Generally, k will increase with increasing aqueous-phase velocity because of

increased turbulence at the NAPL-water interface, which enhances mass transfer

across the interface (Weber, 1972). However, in a porous-media system, increased

velocity implies less time for the water entering a contaminated zone to reach
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equilibrium (or less NAPL-water contact time), which mitigates the improvement in

interphase mass transfer. Thus, increased pumping velocities during typical pump-and-

treat scenarios may increase the severity of mass transfer constraints.

Several researchers used similar correlations based on porous media

characteristics for the mass transfer coefficient, along with idealized NAPL blob

geometries and distributions to characterize the interfacial area in their description of

the mass-transfer rate coefficient (Hunt et al. 1988; Miller et al. 1990; Powers et al.

1991; Powers et al. 1992; Geller and Hunt, 1993; Imhoff et al. 1994). Powers et al.

(1992) found that median grain diameter and uniformity index provided excellent

correlations during the initial period of dissolution during which the NAPL saturation did

not change significantly. The theory behind this correlation is that different pore

structures result in different blob shapes and sizes, and thus are representative of

differing interfacial areas. Miller et al. (1990) did not see a correlation between grain

size and mass transfer rate coefficient, but this may be due to their experimental

method which allowed them to achieve a near uniform NAPL distribution (i.e., the NAPL

was mixed into the porous media and not pumped into the porous media). Typically,

physical parameters that are representative of interfacial area are used to formulate the

lumped mass-transfer coefficient, to avoid quantifying the interfacial area and the mass

transfer rate coefficient independently (Miller et al., 1990; Powers et al., 1994; Imhoff et

al., 1994; Mayer and Miller, 1996).

The most typical parameter used as a surrogate for specific interfacial area is

the NAPL saturation. Miller et al. (1990) used NAPL saturation to account for the

difference in interfacial areas between separate steady-state experiments where NAPL
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saturation was assumed to be constant for a given experiment. Powers et al (1992)

demonstrated in their experiments that the Sherwood number was not correlated to

initial NAPL saturation during the initial dissolution period. However, Imhoff et al.

(1994) and Powers et al. (1994) developed transient models which use NAPL

saturation as a surrogate for changing interfacial area as the NAPL blob dissolves and

shrinks. Powers et al. (1994) found that their model was very sensitive to the initial

NAPL saturation as well as to the exponent associated with the saturation term in their

mass transfer-coefficient correlation.

At the field scale, additional processes may cause "apparent" rate-limited

dissolution. The word "apparent" is used because dissolution may be at equilibrium at

many locations in a NAPL-contaminated zone, while the bulk dissolution behavior (as

evidenced by the temporal evolution of contaminant concentrations in extracted water)

may appear to be rate limited. Porous media heterogeneities and NAPL-distribution

heterogeneities can cause "flow bypassing" of NAPL-contaminated zones, which can

lead to this type of behavior. Clay lenses, for example, could limit contact between

NAPL and the flushing fluid. NAPL heterogeneities (e.g., the existence of isolated

"NAPL pools") can also lead to non-equilibrium dissolution behavior due to relative

permeability effects.

A "NAPL pool" is a zone of relatively high NAPL saturation. The flow of fluid

through the NAPL pool will be restricted because porous media with high saturations of

NAPL have a much lower relative permeability to water than does a similar

uncontaminated porous media. The NAPL may also present a capillary barrier to the

flowing fluid (McCray and Falta, 1996). The fluid flowing within, and near the



31

boundaries of, the high NAPL-saturation zone will have relatively high concentrations,

but is diluted upon exiting the NAPL zone by the lower-concentration water flowing from

the uncontaminated zones. Thus, the concentrations in the extracted water may be

well below the equilibrium value. However, the effluent concentrations will increase as

the pool dissolves because a higher percentage of the flushing solution can flow

through the NAPL-pool zone due to a subsequently higher relative permeability (which

is directly proportional to NAPL saturation). That is, as dissolution proceeds, the ratio

of contaminated water to "clean" water becomes larger, resulting in higher aqueous

concentrations in the combined effluent. This type of dissolution behavior for single-

component NAPLs was observed in column experiments by Geller and Hunt (1993) and

Imhoff et al. (1995), and in two-dimensional bench-scale experiments conducted by

Manivannan et al. (1996). As the NAPL pool is reduced to small residual saturations,

however, the effects of relative permeability and capillarity are reduced, and effluent

concentrations may eventually decrease as micro-scale rate-limited dissolution

phenomena becomes dominant.

It may be difficult to discern this type of dissolution behavior in the field,

however, because complex physical heterogeneities may also limit NAPL-water

contact, and because the dissolution rate within the NAPL zone itself may changes in

time and space. Additionally, for multicomponent NAPLs, a change in contaminant

concentration will also occur as dissolution proceeds due to a changing NAPL-phase

mole fraction (this will be discussed in the next section), which is unrelated to a

decrease in the dissolution rate.
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There are few published studies which investigate the effects of physical

heterogeneities on NAPL dissolution in a quantitative fashion. The results of a two-

dimensional, stochastic, numerical-modeling study by Mayer and Miller (1996) indicated

that aqueous-phase velocities and mass-transfer formulations were found to have more

pronounced effects on NAPL dissolution in heterogeneous porous media than in

homogeneous porous media. For dissolution in heterogeneous media, the authors

found that the spatial statistics related to the porous media properties, and the

corresponding spatial distribution of residual NAPL, are important determinants of

dissolution rates.

Equilibrium Dissolution of Multicomponent NAPLS in Water. The chemical

potential, go , of an organic contaminant (denoted by the subscript i) in the 6 phase

(where f3 = N for NAPL and p = A for the aqueous phase for this discussion) is given by

= plo + RT In [XI() yio) ], where 1.4° is the reference potential for the i-th component,

T is temperature, R is the universal gas constant, N (p) denotes the mole fraction of the

i-th component in the 6 phase, and y i (0) denotes the activity coefficient of the i-th

component in the 6 phase (Schwarzenbach et al, 1993). The reference potential of a

component is a constant for a component, and takes on the same value in the NAPL

and aqueous phases. The RT In N() term is the contribution of the entropy of ideal

mixing, and RT In yin is the "partial molar excess free energy" resulting from solute-

solvent and solute-solute dissimilarities (nonideal effects) (Schwarzenbach et al., 1993).

For a multicomponent NAPL-aqueous system in equilibrium, p,iN = 1.1.1A for all

components. By equating the two equations for chemical potential in each phase,
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canceling terms, and rearranging, the mole-fraction aqueous solubility, xi(aq), of a

component within an multicomponent NAPL is obtained (Burris and Maclntyre, 1985):

xi A = xioA ( xi N N yioA )	 xioN yioN yiA )	 (2.3)

The superscript, o, indicates the component in its pure phase (that is, assuming it is the

only hydrocarbon in the NAPL phase) in contact with pure water.

An organic phase activity coefficient of unity indicates "ideal" dissolution

behavior of a given component; which may occur if the component is similar in size,

shape, and structure to the bulk mixture (Banerjee, 1984). Typically, there is negligible

water in the NAPL phase, and x i°( , ) and 71°(n) are both assumed be unity. In addition, for

dilute aqueous solutions, organic-organic interactions for an aqueous-phase component

in a multicomponent system is assumed to be equal to the aqueous-phase organic-

organic interactions for a single-component system (Banerjee, 1984; Burris and

Maclntyre, 1985). In other words, the presence of cosolutes has a negligible effect on

the aqueous activity of a given component, yi°A yi A  and (2.3) reduces to

xiA = x icIA ( x i N ,yi N )	 (2.4)

Multiplying both sides of the equation by the molecular weight of the i-th component

and dividing by the molar volume of water yields the equivalent form for the aqueous

phase concentration in water (CP)

C,w = S,w Xi N y,N )
	

(2.5)

where sr is the aqueous solubility of an organic contaminant dissolving from a single-

component NAPL. In most applications, the organic-organic interactions in the NAPL

phase are assumed to be negligible (the mixture is ideal), and (2.5) is then written as:
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(2.6)

which is commonly know as Raoult's Law.

Several researchers have observed that dissolution of components from a

NAPL mixture may undergo equilibrium dissolution that may be approximated by

Raoult's Law (MacKay, et al., 1991; Cline et al, 1991; Lee et al., 1992a,b; Lane and

Loehr, 1992; Burris and Maclntyre, 1985). The bench-scale batch studies of Lee and

colleagues (1992) and Cline et al. (1991) were conducted using very complex NAPL

mixtures (coal tars and fuels). In many works, ideal behavior was considered to be a

reasonable assumption if a component aqueous concentration did not differ from that

predicted by Raoult's law by more than a factor of two (Lee et al., 1992a,b; Cline et al.,

1991; Mukherji et al., 1997).

In instances where the components of the mixture exhibit significant

dissimilarity, however, the activity coefficient may differ from unity (Banerjee, 1984).

This nonideality is due to energetic interactions between different molecules in the

mixture, and to differences in shapes and sizes of the various molecules in the mixture

(Prausnitz, 1980). These factors may cause the equilibrium aqueous concentrations of

individual species to differ from that predicted by Raoult's law. In general, these effects

become most important when the NAPL-phase mole fractions of the nonideal

components become small, and result in values of yi
N that are greater than unity

(Banerjee, 1984; Burls and Maclntyre, 1985; Borden and Piwoni, 1992).

Laboratory work performed by Lee, (1992b), Rostad et al. (1985), Lesage and

Brown (1991), Borden and Kao (1992), and Whelan et al. (1994) indicate that

multicomponent NAPL mixtures may exhibit non-ideal behavior. Lesage and Brown
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(1991) attempted to model a three-component system in a laboratory-column

experiment using a Raoult's-Law-based approach. Initial NAPL-phase activity

coefficients were calculated with UNIFAC, and assumed to remain constant throughout

the experiment. The general dissolution trends of the NAPL were captured by the

model, but effluent concentrations could not be matched. The discrepancy increased

as dissolution proceeded.

To date, detailed investigations of the temporal variation in nonideality as the

NAPL depletes, or of the effect of nonideality on rate-limited mass transfer, have not

been published. For entrapped multicomponent NAPL, the activity coefficients of

individual components are seldom known and difficult to calculate, so it is difficult to

ascertain the equilibrium aqueous concentrations of any given species.

Rate-Limited Dissolution of Multicomponent NAPLs in Water. Rate-limited

dissolution of multicomponent NAPLs in subsurface systems is not well understood.

While the principles are the same as for single-component NAPL systems, there are

additional considerations for a mixture. For example, in a NAPL mixture, it is possible

that the diffusion of a constituent from within the NAPL to the interface may limit mass

transfer, especially for components that are more hydrophobic than the bulk mixture

(and thus possibly less likely to reside in the NAPL phase near the NAPL-water

interface). As the above equations suggest, calculations of aqueous concentrations for

components from an immiscible organic mixture may require a substantial

computational effort compared to that required for dissolution of single-component

NAPLs. This is especially true in porous media under dynamic conditions where water

saturations, groundwater velocities, NAPL-phase activity coefficients, and relative water
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permeability may all depend on the temporally-evolving NAPL composition and

saturation. Indeed, these factors are likely to be interdependent.

Most modeling efforts have used numerical methods. However, MacKay et al.

(1991) used analytical approximations for chemical transport assuming Raoult's Law-

based dissolution of a simple synthetic mixture and obtained reasonably good

estimates of aqueous concentrations in a generator-column experiment. These models

involved treating dissolution of components with high, intermediate, and low solubilities

(with respect to the rest of the mixture) as separate dissolution events. Dissolution

kinetics were treated as a first order exponential decay. The authors offer a "rule-of-

thumb" estimate for the number of pore volumes required to deplete a NAPL

component to a certain fractional value using chemical data along with estimates of

NAPL composition and volume.

Gonullu (1996) used a lumped parameter approach to model kinetic dissolution

of a two-component NAPL-pool emplaced in a laboratory column. The NAPL zone was

assumed to be "well-mixed" except for a portion of the pool that was not readily

available for dissolution. The unavailable NAPL portion was accounted for by a

"leachable mass" term, whereby dissolution of this portion of the pool was represented

by a first-order kinetic expression. The unavailable mass was assumed to be equal to

the mass represented by the tail of the column elution curve.

Borden and Piwoni (1992) developed a Raoult's Law-based model to describe

rate-limited dissolution and transport of a trapped NAPL-hydrocarbon mixture (motor

oil). To account for activity-coefficient variations, the authors included the activity ratio

(activity of the component in the NAPL phase divided by its activity in the aqueous
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phase), but the ratio was held constant at the initial value as the mixture composition

changed. Model simulations were compared with column experiments which utilized

aquifer material from a site contaminated with gasoline. The authors found that both

the equilibrium and kinetic models (using fitted mass-transfer rate coefficients) were

able to approximately simulate the observed breakthrough curves, with the least soluble

components showing the most deviation.

Borden and Kao (1992) and Augustijn (1993) utilized UNIFAC to obtain

mathematical expressions of NAPL-phase activity coefficients vs. NAPL-phase mole

fractions for two- and three- component mixtures. The resulting expressions were

incorporated into advection-dispersion-based numerical models, along with fitted mass-

transfer rate coefficients, and were reasonably successful at modeling column effluent

concentrations for simple mixtures. Very few researchers have attempted to ascertain

the physical mechanisms controlling NAPL-water mass transfer in a multicomponent

NAPL.

The nature of a NAPL mixture may cause components to exhibit different mass-

transfer behavior than would be exhibited for the same component in a single-

component NAPL. For example, as the more soluble components in a mixture are

dissolved in the ground water, that component's concentration in the NAPL mixture will

decrease and the driving force for mass transfer may also decrease (Powers et al.,

1994), causing rate-limitations to be more severe. Laboratory experiments conducted

by Borden and Kao (1992) indicated that dissolution of a multiple-component residual

NAPL exhibited equilibrium behavior until mole fractions in the NAPL reached small

limiting values. Priddle and MacQuarrie (1994) also suggested that there may be a
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correlation between mole fraction and mass-transfer rate coefficient. However, little

detailed work has been completed to determine the extent or importance of this

relationship.

Mukherji et al. (1997) conducted batch reactor experiments where a relatively

stable, constant interface was maintained between the NAPL and aqueous phases.

Then NAPL was a synthetic mixture intended to represent a coal tar. For two

components at high and low mole fractions, the authors concluded that there was an

insignificant change in the mass transfer coefficient. However, these components were

much more hydrophillic than 5 of the 8 components in the mixture. Thus, even at small

mole fractions, it seems reasonable that these components may reside closer to the

NAPL-water interface and thus not experience significant changes in mass transfer

characteristics. More detailed work is necessary to elucidate the effects of mole

fraction and hydrophobicity on mass transfer.

It is also interesting to consider that as a component depletes, it may also

experience an increasing NAPL activity coefficient due to the increased nonideality of

the mixture with respect to that component. This equilibrium effect would increase

aqueous concentrations, and could mitigate a decreasing mass-transfer coefficient

(Linda Lee, personal communication, 1996). Additionally, as the mole fraction of a

constituent in a mixture decreases, the respective activity coefficient is likely to change.

Thus, if mass transfer is dependent upon NAPL-phase mole fraction, then it is plausible

that the mass transfer coefficient of a component in a NAPL mixture may be related to

the activity coefficient for that component. However, this type of behavior may be very

difficult to examine experimentally.
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In addition to their work described earlier, Geller and Hunt (1993) conducted

experiments using an ideal two-component mixture (benzene and toluene). These

authors observed elution behavior similar to that predicted by Raoult's law. At early

time, their predicted benzene concentrations were slightly lower than predicted. They

attributed this to possible diffusion limitations within the NAPL; however, this was not

exhibited for toluene. Their data also shows higher than predicted benzene

concentrations at late time (corresponding to small benzene mole fractions), which

could be due to an increasing activity coefficient not accounted for in their model.

However, estimation of overall NAPL composition in a flow cell is not

straightforward. For example, consider benzene (solubility = 2000 mg/L) and toluene

(solubility = 550 mg/L) present in a flow cell at equal initial mole fractions. As the

dissolution front proceeds through the flow cell, the benzene will deplete from the NAPL

mixture fastest in the upstream part of the flow cell due to its higher solubility.

Subsequently, the mole fraction, and thus aqueous concentration, of toluene will

increase at the upstream edge of the flow cell. This concentration will be measured at

the effluent of the flow cell. These toluene concentrations may be higher than those

predicted by Raoult's Law if an average NAPL-phase mole fraction is used for the flow

cell because the average mole fraction in the cell will be smaller. However, it also

possible that the toluene may partition back into the NAPL further downstream,

because the smaller NAPL-phase mole fraction for toluene will not support such a large

aqueous concentration. This theory of multiple mass transfer zones suggest that

estimation of NAPL composition from analysis of concentrations in pumped ground

water may be extremely difficult.
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Theory of Pulsed Pumping for NAPL Remediation. "Pulsed pumping" has

been proposed to improve pump-and-treat remediation of NAPLs under conditions of

rate-limited NAPL-water mass transfer (Keely, 1989; U.S. EPA, 1992; Borden and Kao,

1992). The technique employs stopping flow to allow mass transfer between the NAPL

and aqueous phases to approach equilibrium. The water extracted after the no-flow

period therefore contains higher concentrations of contaminant and potentially effects

more efficient mass removal. Modeling studies that assume first-order rate-limited

mass transfer, a uniformly distributed residual NAPL, and homogeneous-soil conditions

have been conducted to investigate the efficiency of pulsed pumping. Borden and Kao

(1992) demonstrated that pulsed pumping may remove more contaminant mass than

pumping continuously at the same rate. Other studies, however, have indicated that

pulsed pumping is no more efficient than continuous pumping (Powers et al. 1991;

Harvey et al, 1994). The work by Harvey et al. (1994) was formulated for general

mass-transfer between mobile and immobile zones, but is conceptually applicable to

NAPL-water mass transfer. Additional research that considers heterogeneous porous

media and heterogeneous NAPL distributions is necessary to obtain a full

understanding of the benefits of pulsed pumping.

Field Studies: NAPL Dissolution in Water. The problems encountered in the

study of dissolution of complex NAPL mixtures are magnified in the field. The aqueous

concentrations in samples taken from monitoring wells or samplers are the result of

water flow in a porous media which probably includes both chemical and physical

heterogeneities. This complicates efforts to explain field-scale NAPL dissolution using

results of bench-scale mass-transfer studies. Ascertaining the validity of Raoult's Law
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may be impossible due to uncertainties associated with estimating NAPL volume,

density, and composition. In addition, as pointed out by Mukherji et al. (1997), the low

mole fractions common in pollutant mixtures may result in aqueous concentrations

close to analytical detection limits, thereby increasing measurement errors.

Rivett et al. (1994) conducted a dissolution experiment wherein a synthetic

three-component NAPL was mixed with coarse sand and emplaced in a sandy aquifer

at Borden AFB, Canada. Dissolution of the NAPL source and transport of the dissolved

plume was monitored with an extensive 3-dimensional sampling network. The effects

of bypass flow due to the low relative permeability of the NAPL zone (discussed earlier

for bench-scale experiments) were prominent. The dissolved plume exhibited complex

shapes that were attributed to bypass flow and transient hydraulic conditions.

Consistent with previous aquifer studies of dissolved-source contamination, the

transverse dispersion was determined to be relatively unimportant, resulting in a

contaminant plume that was similar in width to the NAPL source. Thus, one might

expect that long, thin dissolved-phase plumes may often result from NAPL

contamination, requiring careful design of field-sampling networks for the purpose of

plume monitoring. Finally, the low sorption of the organic contaminants, and significant

longitudinal dispersion of the plume suggest that NAPL contamination may cause more

rapid spread of contamination than would be predicted based on the mean advective

velocity of the ground water.

In a related experiment, King et al. (1994) conducted a multicomponent-NAPL

dissolution experiment in a hydraulically isolated test cell emplaced in a sandy aquifer

at the Borden site. A synthetic creosote mixture was emplaced in the center of the test
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cell. Dissolution was very complex, and Raoult's Law was found to be a good predictor

(within a factor of 2) for four of ten compounds under these favorable field conditions.

However, the degree of variability in groundwater concentrations between individual

samples was dramatic for all the analyzed compounds.

Mobilization of NAPL in the Subsurface. A discussion on enhanced

dissolution by cosolvents and surfactants is forthcoming. However, because cosolvents

and surfactants, and ESAs in general, have the potential to induce mobilization of the

NAPL-phase in the subsurface, it is worthwhile to briefly discuss the physical

mechanisms traditionally associated with NAPL mobilization. Such a discussion is

useful because, in evaluation of field remediations, it will be necessary to distinguish

between NAPL removal effected by enhanced dissolution and NAPL -removal caused

by mobilization (Fountain, 1992; 1997). The potential for mobilization of NAPL blobs in

porous media under horizontal flow conditions has been predicted based on values for

the dimensionless Capillary Number, Nc = VA flA t aNA , where VA is the aqueous phase

velocity, gA is the viscosity of the aqueous solution, and aNA is the NAPL-aqueous

phase interfacial tension. The Capillary Number is defined as the ratio of the viscous

(displacing) to capillary forces (Perry and Chilton, 1973). Generally, NAPL residual

saturation is independent of Nc for Nc < 10 -5 . Values above 10-5 are difficult to obtain

with water flooding (Lake, 1989). Research conducted by Morrow, et al. (1988), Hunt

et al. (1988), and Farley et al. (1992) suggest that Nc values greater than about 10-4

are required for significant mobilization of residual NAPL blobs in laboratory columns.

However, extension of these results to field remediation scenarios is quite

difficult (Dawson and Roberts, 1997). Values of Nc which infer mobilization have not



43

been determined for poorly-sorted soils typical of environmental applications. The

capillary number- NAPL saturation relationship for this condition can be vastly different

from well-sorted soils, such as found in sandstone and sand (Lake, 1989; Dawson and

Roberts, 1997). Nevertheless, estimation of the capillary number may provide some

insight to the flow physics occurring in the field.

NAPL Dissolution Using Enhanced Solubility Agents. Much laboratory

research has been conducted for enhanced-solubility flushing of single-component

NAPL by enhanced solubility agents (ESAs) such as surfactants (e.g. Pennell et al.,

1993; Abriola et al., 1993; Shiau, et al., 1994; Mason and Kueper, 1996; Sabatini et al.,

1996), and cosolvents (e.g. Brandes and Farley, 1993; Peters and Luthy, 1994; Imhoff

et al., 1995; Roy et al., 1995; Ali et al., 1995). In addition to solubility enhancement,

enhanced removal in some cases occurs by mobilization and formation of NAPL

micro/macroemulsions, which can greatly increase the mass removal of NAPL

compared to solubilization alone. Surfactants and cosolvents can be selected to

promote solubilization with minimum mobilization and emulsification.

Surfactants: Enhanced Dissolution and Mobilization. Surfactants (surface

acting agents) are a type of enhanced-solubility agent. These molecules are

amphiphilic with polar and nonpolar characteristics. In a relatively polar medium

(water), the nonpolar portions of the molecules attract each other and structured

aggregates, called micelles, are formed. These aggregates have a polar interior, which

can complex organic pollutants, and a nonpolar exterior, providing the micelle with a

high aqueous solubility. In this manner, the apparent solubility of organic contaminants

can be enhanced. The concentration of surfactant molecules must be sufficiently high
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before micelles can form. This limiting concentration is termed the critical micelle

concentration (CMC). Micelles take on various shapes and sizes. The number of

surfactant molecules required to form a micelle (the coordination number) varies

greatly. Micelles are dynamic entities: the residence time of a surfactant in the micelle

is in the order of micro-seconds, while the average lifetime of a micelle is in the order of

milliseconds (Gehlen et al. 1993).

Reverse micelles may also form in the nonpolar phase. Partitioning of organic

components into a micelle-laden aqueous phase is linearly related to the surfactant

concentration above the CMC (Rosen, 1989; Pennel et al. 1993; Grimberg et al., 1995).

The slope of line is the "molar solubilization ratio" when expressed in molar units

(Rosen, 1989). Generally, in this enhanced solubilization process, the amount of the

non-complexed organic solute in the aqueous phase is unaffected by the presence of

micelles, providing there is excess NAPL present (Grimberg et al, 1995). The rate of

exchange for a solute between the aqueous and micellar phases is in the order of

microseconds, and therefore may probably be considered to be an equilibrium process

when compared to other dissolution processes (such as mass-transfer across the

NAPL-water interface). For brief reviews of bench-scale experiments related to

surfactant-enhanced flushing of organic contaminants (except for rate-limited

dissolution, which is discussed later), the reader is referred to Shiau et al. (1994) and

Bai et al. (1997).

The partitioning of surfactants to the NAPL-water interface results in a reduction

of the interfacial tension. Reductions to values above about 1 dyne/cm can, under

certain conditions, cause formation of "macroemulsions" (droplets larger than about 1



45

m), which are thermodynamically unstable, opaque, and can usually be detected

visually in the aqueous phase (Bourrel, 1988; Rosen, 1988; Fortin et al., 1997). An

interfacial tension of less than about 0.1 dyne/cm is generally considered to be

necessary for formation of microemulsions (Bourrel, 1988; Fortin et al., 1997). Thus,

formation of microemulsions should not have contributed to the measured solubility

enhancements.

Cosolvents: Enhanced Dissolution and Mobilization. Cosolvents (e.g.

alcohols) may enhance the removal of NAPLs from the subsurface by mobilization,

solubilization, or both. As the name implies, all cosolvents have some enhanced-

solubilization power, but the ability of a cosolvent to mobilize a NAPL compound is

compound-specific (Falta et al., 1998). Thus, cosolvents must be chosen carefully if

NAPL mobilization is the goal. Mobilization occurs due to interfacial tension (IFT)

reduction and NAPL "swelling". Swelling of the NAPL occurs when cosolvent partitions

into the NAPL. Swelling causes the NAPL phase to have a larger relative permeability

(Brame, 1993), which may allow the NAPL to flow more readily as a separate phase.

A reduction in the IFT may occur due to a change in the properties of the aqueous

phase (compared to water), due to changes in the properties of the NAPL which result

partitioning of cosolvent into the aqueous phase (Brandes and Farley, 1993), and due to

changes in the wetting properties of the porous medium in the presence of the altered

aqueous phase (Imhoff et al., 1995). In addition to effecting an IFT reduction, this

phenomenal tends to alter the density of the NAPL (Brandes and Farley, 1993; Imhoff et

al., 1995; Falta et al., 1998). A reduction in the IFT reduces the capillary forces which

hold the NAPL in the pore spaces. Changes in density may also enhance (or inhibit)
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vertical NAPL mobilization by altering the density difference between the NAPL and the

aqueous phase (Brandes and Farley, 1993; Falta et al., 1998). Finally, an increased

aqueous-phase viscosity may enhance the potential for mobility by increasing the viscous

forces, which oppose the trapping capillary forces. Mobilization also depends on porous

media particle size (Lake, 1989; Demond and Roberts, 1997). Thus, it is difficult to

predict whether mobilization will occur at local scales in porous media due to complex

particle-size distributions.

Swollen NAPL may also form a continuous phase which displaces residual NAPL

globules more efficiently than the cosolvent-aqueous phase alone. Finally, NAPL

emulsions may form and be mobilized at the cosolvent front during flooding. This may

occur because, during dilution of cosolvent at the front, the cosolvent fraction decreases

in a near-linear fashion whereas the solubility of the NAPL decreases logarithmically,

causing solubilized NAPL to "precipitate" from the cosolvent solution (Brame, 1993). The

excess NAPL may be mobilized as a "NAPL bank" in front of the advancing cosolvent.

This phenomena may cause mobilized NAPL to be present in the first few pore volumes

of laboratory-column effluent a during a flushing experiment, for example. Even for

cosolvents that are designed to promote only enhanced dissolution, mobilization of NAPL

globules is possible depending on the complex interactive effects discussed above.

The apparent solubilities of NAPL contaminants in aqueous cosolvent mixtures

are commonly represented by a log-linear relationship (Yalkowsky et al., 1972; Fu and

Luthy, 1986):

log SA = fc log S ic + fw log S iw 	(2.7)
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where the subscript "c" annotates the cosolvent, the subscript "A" annotates the general

aqueous phase (the cosolvent-water mixture in this case), S represents the equilibrium

solubility (for a single-component NAPL), and f is the fraction of solvent (w = water, c =

cosolvent) in the total solvent mixture. SA is also termed the "apparent solubility" of the

organic compound in the cosolvent mixture. Rearranging equation 2.7, and assuming

that the equilibrium solubility of the component in the cosolvent is equal to the inverse of

the aqueous activity coefficient, yields the expression (Yalkowsky et al., 1972):

log Sm =log SW + at (2.8)

where a is the "cosolvency power" (and a = log ywi - log yc; ). Generally, research has

shown that as the hydrophobicity of the solute increases, the cosolvency power also

increases. Morris et al (1988) observed a linear relationship between a and Log Kow .

For a mixture of water and "n" cosolvents, a modification of eq. 5 has been proposed

(Yalkowsky and Rubin, 1985; Morris et al., 1988):

log Sm =log SW + E ak fc k (2.9)

where k takes on values from 1 to n.

Deviations in the observed log-linear relation attributed to nonideal dissolution

behavior (from cosolvent-water interactions) are often accounted for by including the term

[3 in the above equations (Rao et ai, 1990), for example:

log Sm =log SW + 13 ofc (2.10)

Note the term 13 theoretically reflects aqueous-phase nonideal behavior, which is

accounted for by an aqueous-phase activity coefficient in traditional thermodynamic

treatment. The addition of a cosolvent may also result in decreased solute retardation,



48

and decreased sorption (Nikedi-Kizza et al., 1985; Fu and Luthy, 1986). Augustijn et al.

(1994) presents a recent review of cosolvent-flushing laboratory studies.

Cosolvents present in spilled immiscible liquids have also been found to have a

significant impact on the transport of NAPL components from the spilled contaminant

liquid. In a laboratory study, Chen and Delfino (1997) determined that PAH solubility

increased in a log-linear manner with an increased volume fraction of ethanol and

methanol. A linear relation between the cosolvency power and log of the octanol-water

partition coefficient was observed.

Rate-Limited Dissolution for Enhanced Solubility Agents. Mass transfer of a

constituent between a single-component NAPL and surfactant solutions (Abriola et al.,

1993; Grimberg et al., 1996; Mason and Kueper, 1996) and cosolvent solutions (Imhoff et

al., 1995; Roy et al., 1995; Ali et al., 1995) has been represented by modified forms of the

following equation:

dCA; / dt = k i ao (CA*; - CA1 (t) ) (2.11)

where lc ; is the mass transfer coefficient [LT '1] and ao is the specific interfacial area

(interfacial area per unit volume porous media). As stated previously, the latter two terms

are often lumped into a single mass transfer rate coefficient, keff. In many of these

studies, mass-transfer correlations similar to those described previously for NAPL-water

dissolution are used. In particular, the NAPL saturation or NAPL-blob geometry

parameters are commonly used as a surrogate for ao (Abriola et al., 1993; Mason and

Kueper, 1996; Imhoff et al., 1995; Roy et al., 1995). Mason and Keuper (1996) used a

unique formulation whereby the interfacial area available for mass transfer is assumed to

be zero when SN = 0 and when SN = 1. The resulting mass-transfer formulation thus
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assumes that the mass-transfer rate increases with increasing NAPL to an intermediate

saturation value, and then begins to decrease with increasing NAPL saturation.

Little is known about the rate-limiting mechanisms important for dissolution of

NAPLs into solutions of ESAs, particularly for cosolvents. For NAPL-water dissolution,

it is typically assumed for that the rate-limiting step for dissolution into an ESA solution

is mass transfer across the NAPL-aqueous phase interface (Abriola et al., 1993; Mason

and Kueper, 1996; Imhoff et al., 1995; Roy et al., 1995). However, for surfactant

solubilization, various other mechanisms have been proposed to be potentially rate

limiting. Several researchers have proposed models to describe the dissolution of solid

organic compounds in the presence of surfactants (Chan et al. 1976; Carroll, 1981;

Grimberg et al. 1996). The models assume that complexation of the hydrocarbon may

take place at the hydrocarbon-aqueous interface, as well as in the aqueous phase. In

summary, five steps are thought to be potentially important:

1. Dissolution of hydrocarbon across the hydrocarbon-water interface;

2. Exchange of complexed solute between micelles and the aqueous phase;

3. Diffusion of micelles to (and from) the interface;

4. Adsorption of the surfactant micelle to the interface;

5. Complexation of the hydrocarbon constituent at the interface;

6. Desorption of the micelle-hydrocarbon complex from the interface;

As stated previously, step 2 is considered to be very fast and is probably not rate

limiting under most conditions. When steps 4-6 are limiting, the mass-transfer rate

would be expected to be independent of aqueous-phase velocity, while mass-transfer

rates based on steps 1-3 are expected to be proportional to the aqueous-phase
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velocity. While these steps have been proposed for solid hydrocarbons, it is

reasonable that they may be important for NAPL dissolution as well. Relatively few

studies of rate-limited dissolution of NAPLs into ESA solutions have been found in the

literature.

Pennell et al. (1993) and Abriola et al. (1993) conducted laboratory and

modeling studies of surfactant-enhanced solubilization of residual NAPL (dodecane) in

soil-columns. Surfactant solution was flushed through the column at several different

pore water velocities, with periods of flow interruption. Dissolution-rate limitations were

severe during the flushing periods. A flow interruption of 100 hours duration was

required for the output concentration to reach the equilibrium apparent-solubility value.

These researchers found that, while the aqueous solubility of dodecane was greatly

enhanced by the surfactant solution, the departure from equilibrium was larger for

dissolution of NAPL in the surfactant solution than for dissolution of the NAPL into

water.

Grimberg et al. (1995) used six different nonionic surfactants to experimentally

investigate rate-limited dissolution of phenanthrene in a completely-mixed batch system

with a constant interfacial area. They used an expression similar to equation 2.11, but

where 1<eff was assumed to be a function of separate mass transfer coefficients for

direct dissolution of phenanthrene into water, and for dissolution of phenanthrene from

the solid phase to micelles at the solid-water interface. The researchers found that 1<eff

values were essentially equal for the different surfactants at concentrations below the

CMC. The 1<eff value decreased asymptotically to a lower value as the surfactant

concentration increased above the CMC. However, the overall dissolution rate was
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shown to increase with increasing surfactant concentrations, due to an increased driving

force. In a follow-up study using a flow cell, Grimberg et al. (1996) found that while the

dissolution rate was expected to increase, there was a greater departure from equilibrium

with increasing surfactant concentrations. This occurred because the apparent solubility

increased linearly with surfactant concentrations, while the dissolution rate exhibited a

less-than-linear increase. The authors also suggested that a correlation may exist

between the molecular structure of the surfactant and the mass-transfer rate coefficient.

Mason and Keuper investigated dissolution of PCE at "pool" and residual

saturations in column experiments. These researchers allowed C *A to vary temporally,

based on the results of batch studies which showed that the IFT and C*A increased with

time. A direct temporal relationship between the equilibrium aqueous concentration and

IFT suggests that formation of micelle-NAPL complexes at the NAPL-aqueous interface

may be a potentially important mechanism controlling the dissolution rate. In this

research, the values for keff were found to be higher for the dissolution of pooled DNAPL

than for dissolution of residual NAPL, and were found to increase more slowly with

increases in aqueous-phase flux in surfactant solutions than in water.

Imhoff et al. (1995) conducted cosolvent-NAPL mass-transfer studies using

batch and glass-bead-packed column experiments. These results indicated that k eff

changed primarily as a result of changes in fluid viscosity of the cosolvent-water

mixture. Increasing fc in a methanol-water system from 0 to 80% resulted in decreasing

viscosities (and thus k en) until an intermediate value of fc was achieved, followed by

observed increases in viscosity and keff. However, the maximum dissolution rate, given

by the term keff CiA* , exhibited a steady increase with fc, due to the linear increase in
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CA* . Overall, the calculated values for keff values were less than those for water under

similar column conditions. However, the mass-transfer model used by these

researchers did not include the effects of changes in IFT on the mass-transfer

coefficient. The experimental results of Abriola et al. (1993), Grimberg et al. (1996),

and Imhoff et al. (1995) indicate that the aqueous contaminant concentration

enhancement effected by a surfactant solution, when dissolution during both water

flushing and enhanced flushing is rate-limited, may be smaller than the solubility

enhancement measured in equilibrium batch studies.

Roy et al. (1995) examined the kinetics of coal tar dissolution into flowing

cosolvent-water mixtures during laboratory experiments where the immiscible liquid

was emplaced in glass bead-packed columns. In these studies, the complex coal tar

mixture was analytically and mathematically treated as a pseudo-single-component

NAPL. Over the range of values tested, NAPL saturation was found to be the most

important variable, and mass transfer limitations were most pronounced at small NAPL

saturations and short contact times. The mass transfer rate was mildly dependent

upon aqueous-phase velocity and glass-bead size. Ali et al. (1995) used the mass-

transfer correlations of Roy et al. (1995) to simulate hypothetical cosolvent-enhanced

coal-tar remediation scenarios. These researchers found that coal tar removal

efficiency can be significantly enhanced by placing injection and recovery wells such

that the contact time between injected solvent and coal tar is increased. Ghosh et al.

(1997) used a two-dimensional solute transport model which incorporated first-order

mass-transfer processes to conduct a theoretical study of pulsed pumping during in situ

solvent extraction of hypothetical subsurface coal tar contamination. The model
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included different mass-transfer formulations for the flow period and the no-flow period.

The results indicated that there was no significant difference in the coal-tar recovery

rates for continuous or pulsed pumping. However, pulsed pumping removed more

coal-tar mass per unit volume of solvent injected, thus less pump-operation time was

required to remove a given amount of coal tar.

Field Studies: Enhanced Solubility Agents. Many researchers agree that

field-testing of innovative remediation technologies is necessary before they are used

for long-term cleanup (West, 1995 ;Ali et al., 1995; Gierke and Powers, 1997; and

Fountain, 1997). This is particularly true when the contaminant distribution and

hydrogeologic conditions are complex. However, there are few documented studies of

applying enhanced-remediation technologies to sites, particularly those containing

complex NAPL mixtures (e.g., Abdul et al., 1992; Falta et al., 1998; Rao et al. 1997;

Knox et al., 1997).

Fountain (1997) outlined a surfactant-flushing field experiment conducted at the

Borden Site in Canada wherein the contaminant was a single-component NAPL. In this

experiment, 231 L of tetrachloroethylene (PCE) were introduced into the subsurface,

creating a chemically-simple system in an otherwise realistic field scenario. During the

16 pore-volume surfactant flush, the solubility of PCE was increased by up to a factor of

20, and about 50% of the NAPL present at the start of the flush was removed.

Fountain (1997) also described a field test conducted in Corpus Christi, Texas, wherein

a 10 pore-volume surfactant flush increased carbon tetrachloride concentrations in

extraction-well and monitoring-well effluents by more than a factor of 3. In this test, the
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NAPL phase appeared to be completely removed from zones of sandy media, although

little NAPL removal was observed from a clay layer.

Abdul et al. (1992) conducted a field-scale study to evaluate surfactant-enhanced

remediation of PCB contamination in the unsaturated zone within a 3 m by 1.6 m plot.

In this experiment, about 10% of the contaminant mass was removed in a 6 pore-

volume flush. A solubilization surfactant flush was also conducted at Hill AFB (Knox et

al., 1997) in a hydraulically isolated cell; analysis of this data is ongoing.

Rao et al. (1997) evaluated cosolvent flushing for enhanced remediation of a

NAPL mixture in a hydraulically isolated test cell (4.3 m x 3.6 m) emplaced in a sand-

gravel-cobble phreatic aquifer. The NAPL mixture was comprised primarily of jet fuels

and chlorinated solvents. About nine pore-volumes of a 70% ethanol/12% n-

pentano1/18% water cosolvent mixture, designed to promote enhanced solubilization of

NAPL, was flushed through the cell. Their results indicated that an average of 85% of

the initial mass of 8 target contaminants was removed from the soil during a 9 pore-

volume flush.

Falta et al. (1998) conducted a cosolvent -mobilization remediation technology

at Hill AFB in a hydraulically isolated cell. This flush used a mixture of isopropyl

alcohol, tert-butanol, and hexanol to enhance removal of both lighter and heavier NAPL

components. Over 90% removal was achieved in a 4 pore-volume flush for each of 7

monitored target contaminants.

Limitations of Traditional Enhanced Solubility Agents. Cosolvents and

surfactant have potential to deleteriously affect the natural micro-biota (Brusseau,

1993). Recovery of remediation agents from the subsurface after use may also pose a
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problem. Roy et al. (1992) discuss low surfactant recovery as a limitation of surfactant

remediation, which can increase operation costs and create contamination of the soil

with the surfactant. Surfactants my induce changes in pH and ionic strength (Sabatini

et al. 1996), which can complicate remediation design and cause fouling or corrosion of

well materials. Nash (1988) describes a surfactant remediation effort at a field site

contaminated with jet fuel and chlorinated solvents where the surfactants caused

severe plugging of two wells.

Surfactants and alcohols may cause changes in aquifer permeability, which can

complicate remediation efforts. Renshaw et al. (1997) demonstrated in a laboratory

study that a surfactant reduced the permeability of a clay-bearing sand by more than an

order of magnitude. Cosolvents have also been shown to influence soil properties,

such as shrinking of clays (Green, 1983) or swelling of soil organic matter (Freeman

and Chung, 1981). Low concentrations of surfactants and cosolvents may be used to

limit these adverse affects, but this will obviously lessen the NAPL-mass-removal

effectiveness of these agents.

If surfactants and cosolvents are not chosen carefully, significant potential for

NAPL mobilization exists (Fountain, 1992). While mobilization can enhance removal of

NAPL from the subsurface, it can be difficult, in many instances, to capture all

mobilized NAPL during remediation. Mobilized DNAPL, for example, could migrate to

an uncontaminated region deeper in the aquifer (Fountain, 1992, Brandes and Farley,

1993). Remediation techniques based on mobilization, therefore, may not be

appropriate under many circumstances.
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CHAPTER 3. ENHANCED DISSOLUTION THEORY

Objectives

The objective of the work in this chapter is to develop a thermodynamic-based

theory for equilibrium dissolution of a multicomponent nonaqueous-phase liquid (NAPL) in

a solution containing an enhanced-solubility agent (ESA).

Enhanced-Dissolution Theory

Single-Component NAPL Systems. For dissolution of a single-component

NAPL in water, the molar free energy, which is the driving force for reversible mass

transfer of a component between the two liquid phases, is equal to zero at equilibrium

(i.e., the chemical potentials of the solute in each phase are equal). This results in the

following expression:

yoWxoW = y oN xoN	 (3.1)

where X is the molar solubility [mole organic solute per mole liquid phase] of the organic

chemical in the water-phase (superscript w), and single-component NAPL-phase

(superscript N), respectively, and y is the activity coefficient of the appropriate phase. The

superscript ° signifies that the NAPL contains only one organic component. The activity-

coefficient terms represent the impact of non-idealities on dissolution. If there is negligible

partitioning of water to the NAPL-phase, then y°N and X°N are unity, and we obtain the

traditional result that the molar solubility is equal to the inverse of the aqueous-phase

activity coefficient, or X°w = (y°w)-1. The mass-per-volume solubility (SW) is readily
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obtained from multiplying X'w by the molar mass of the solute, and dividing by the molar

volume of water. Thus, SW is lineally proportional to (y°w)-1 .

Enhanced solubilization of a single-component NAPL into the aqueous phase is

obtained by the effect of the solubilization agent on the aqueous activity of the

contaminant. Hydroxypropyl-p-cyclodextrin (HPCD), the solubility-enhancing agent used

for this research, is similar in effect to both cosolvents and surfactants but has

significant differences that preclude its classification in either category. The apparent

solubilities of single organic compounds in aqueous cyclodextrin solutions have been

observed to increase linearly with the concentration of cyclodextrin (Wang and Brusseau,

1993, Wang and Brusseau 1995; Bizzigotti, 1997). A simple relationship describing the

relationship between cyclodextrin concentration (CH) and the solubility (SW) [Mass/L3

water] of a single solute is (Wang and Brusseau, 1993):

SA = W (1 + Kcw ) SW E (3.2)

where SA is the apparent aqueous solubility of the organic solute in the cyclodextrin-

enhanced aqueous phase, Km is the partition coefficient of the solute for equilibrium

mass transfer between cyclodextrin and water, and E is the solubility-enhancement factor.

The solubility enhancement results from a decrease in the aqueous-phase activity

coefficient (TA) compared to a water-only solution, due to the complexation of the organic

solute by cyclodextrin. This is analogous to the effect of alcohols and surfactants on

NAPL dissolution, whereby the inverse of the is aqueous-phase activity coefficient is

assumed to equal the apparent solubility (Yalkowsky et al., 1972).

Multicomponent NAPL Systems. A simple approach to representing NAPL-

water partitioning for a multiple-component NAPL includes the assumption of ideal
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behavior in both aqueous and organic phases results in "Raoult's Law" for NAPL

dissolution:

Cw*; = XN ; Sw1 	(3.3)

where i represents each organic contaminant in the NAPL mixture, Cw* ; is the equilibrium

aqueous concentration [Mass /L3] of the i-th contaminant, and X" ; is NAPL-phase mole

fraction of component i. This relation was derived from thermodynamic principles in

Chapter 2. However, equation 3.3 may be also be obtained directly from equation 3.1

(after including subscript i on all terms) by incorporating two assumptions (Banerjee,

1984; Schwarzenbach et al., 1993): (1) 7N ; = 1, and (2) y iw = 1/ Xr (where X i"' is the

single-component aqueous molar solubility). The latter is equivalent to assuming that the

presence of other cosolutes in the aqueous phase do not alter the aqueous activity

coefficient of the solute of concern (i.e., 7w; = yvv), and is usually assumed to be valid for

the dilute aqueous solutions that result from NAPL dissolution in water (Banerjee, 1984).

The Raoult's law-based approach has been used to successfully predict aqueous-phase

concentrations of compounds (or partition coefficients) for gasoline (Cline et al. 1991),

diesel fuel (Lee et al. 1992a), and coal-tar (Lee et al. 1992b) systems.

The assumption that y" ; = 1 may not always be valid, however, because

interactions between organic components in a NAPL mixture may cause significant

deviations from "ideal" behavior, particularly when the component is structurally different

from the bulk mixture. For these cases, the relation becomes that given by

cw* i = xN i swi 7N 1 	 (3.4)
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The aqueous activity of each component in the NAPL mixture is influenced by the

presence of cyclodextrin as described above for a single-component NAPL. For ideal

dissolution, the effect of the cyclodextrin on the aqueous-phase activity of a solute

dissolving from a NAPL mixture is identical to the activity of the solute dissolving from a

single-component NAPL (i.e., yAi = yoA
i ), which is analogous to the previous assumption

for dissolution in water. However, aqueous-phase nonidealities resulting from

multicomponent NAPL-dependent factors may not be negligible when the aqueous phase

contains high concentrations of an enhanced-solubility agent.

For example, the assumption that cosolutes from the mixture have a negligible

effect on the aqueous-phase activity coefficient of any given component may not be valid

for enhanced dissolution because of the significant increase in the concentrations of

organic cosolutes in the aqueous phase. Note that this potential effect results from the

impact of contaminant cosolutes, not the cyclodextrin, on the aqueous phase activity of a

given solute. However, because the majority of cosolute molecules in the enhanced

aqueous phase reside within the cyclodextrin cavity, their impact on the activity of the

non-complexed solute is likely to be insignificant. In addition, as will be discussed in

Chapter 7, other potential effects, such as competition among contaminant cosolutes for

the cyclodextrin cavity, may also be thought of as aqueous-phase nonidealities.

With the above considerations, an equation analogous to eq 3.4 can be developed

to describe the influence of an enhanced-solubility agent on the equilibrium aqueous

concentration (CA* ) of a multicomponent NAPL constituent:

CA* ; = X" ; E 1 Sw i 2,,A ; 7N ;	 (3.5)
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where X.A 1 is a single factor that represents all potential aqueous-phase nonidealities for

component i due to mixture-dependent effects. When no aqueous-phase nonidealities

exist, kA i is unity. Equation 3.5 is intuitive (e.g, Sw in eq 3.4 is replaced by SA, and

aqueous-phase activity effects are included). However, it can be derived rigorously for

each contaminant in the NAPL mixture by combining four equations that equate the

chemical potentials in the NAPL and aqueous phases for four dual-phase systems:

(xN i = p(Ai yAop (3.6a)

where XA; represents the molar concentration of the contaminant in the aqueous phase,

and 13 represents each of four systems: single-component NAPL and water ( 13=1);

multicomponent NAPL and water (f3=2); single-component NAPL and cyclodextrin

solution (f3=1); and multicomponent NAPL and cyclodextrin solution ( 13=4). This approach

is similar to that outlined in Chapter 2 (Burris and MacIntyre, 1985) for two systems

(single-component NAPL and water, multiple-component NAPL and water). In this

method, it is assumed that the enhanced-solubility-agent solution behaves

thermodynamically as a single phase. This assumption is also required to develop the

commonly-used log-linear solubility relations used for cosolvents (Yalkowsky et al., 1972;

Fu and Luthy, 1986) that was described in Chapter 2.

In this derivation, the component subscript (i) will be dropped for convenience.

Dividing the equation for (13=1) by the equation for (13=2) and rearranging yields:

vN N vA A _ A A \IN N
^171^2	 X1Y1^2Y2 (3.6b).

Similarly, Dividing the equation for ( 13=3) by the equation for ( 13=4) and rearranging yields:

)<N3
31 3X

)(A4 yA4 = XA3 yA3 )(N4 yN4 	 (3.6c).

Dividing equation 3.6c by equation 3.6b and rearranging yields:
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xN3 7N3 xA4 7A4 )(Al yA1 xN2 7N2 = xA3 yA3 xN4 7N4 xN i 7N 1 )(A2 7A2 	 (3.6d).

However, as shown in Chapter 2, a similar derivation for NAPL-water systems (Buds and

Maclntyre, 1985) results in:

vA A vN NvNN A A
AlY1A272 = A171X272

Dividing equation 3.6d by equation 3.6e yields:

xA3
3 7 3X

xN4 yN4
XN3 TN3 XA4 11A4

Grouping like terms in the above equation:

xA4 = xA3 xN4 (xN3)-1 7N4 (7N3)-1 7A3 (7A4)-1

(3.6e).

(3.60.

(3.6g)

Multiplying the left side of equation 3.6g by (M / VA4 )and the right side of the equation by

(M / VA3 ) where M is the molar mass of the contaminant (mass/mole) and VAp is the

aqueous-phase molar volume (volume/mole), and assuming that VA4 = VA3, results in:

=	 xN4 (xN3)-1 7N4 (7N3)-1 7A3 (7A4)-1	 (3.6h).

The term CA3 is the same as SA in equation 3.2 and is defined as E Sw . Incorporating

this definition, and assuming that the contaminant's NAPL-phase mole fraction is

negligibly altered by partitioning of cyclodextrin to the NAPL phase (i.e., XN3 = 1) yields:

E Sw vN	 N /..N rl	 /..,A v 1
- 4 =	 A 4 Y 4 lY 3/ r 3 lr 4) (3.6i).

If it is further assumed that the NAPL-phase activity coefficient for a single-component

NAPL is unchanged by the presence of cyclodextrin in the aqueous solution, then 7N3=1;

N
4 = 7

N
2, and the equation 3.6i reduces to:

CA4 = XN4 E Sw yN4 (7A3 /7A4) (3.6j).

Practically, it would be difficult to measure the effect of the cyclodextrin solution on 7N3 for

single-component-NAPL dissolution because any deviation from unity will "lumped' into

the value of E. As discussed previously, because HPCD does not partition appreciably to
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the NAPL phase, the above assumptions regarding XN3 and yN
3 should be valid. Under

these assumptions, the NAPL-phase mole fraction and NAPL-phase activity coefficient

should essentially equal those for a multicomponent NAPL- water system.

The aqueous-phase activity coefficient effects are then lumped into a single term

representing aqueous-phase nonidealities (XA1) such that:

-
 7

A3 7A4 (3.6k)

Substituting this relation into equation 3.6j, and reintroducing the subscript i yields the

intuitive relation proposed in equation 3.5. Note that e represents nonideal dissolution

caused by the presence of multiple contaminants in the cyclodextrin-enhanced aqueous

phase. The e term is not a measure of the cosolvent effect of the cyclodextrin

molecules on the contaminant, which is accounted for by the E 1 term.

It is possible that even slight partitioning of an ESA to the surface of a NAPL could

result in nonideal dissolution behavior for some contaminants that would be reflected in

the NAPL-phase activity coefficient. However, if it is assumed that the effect of the ESA

solution on yN3 can represented by a multiplying factor, x0, (e.g., yN3 = x3 7Ni ; yN4 = 264 7 2)

and X3 =X4 , then the effect may cancel in the ratio of equation 3.6. The validity of this

condition would infer that partitioning of cyclodextrin to the NAPL-water interface would

have the same effect on the nonideal dissolution of a given contaminant in a

multicomponent NAPL as if the contaminant was the sole constituent of the NAPL phase.

Under these circumstance, the strict assumption that cyclodextrin-NAPL partitioning does

not affect the 7N0 values is not necessary to obtain equation 3.5. However, the validity of

this assumption has not been verified experimentally.
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The aqueous-phase activity coefficients, and thus the ei term, account for

dissolution nonidealities based on thermodynamic processes. While NAPL-phase

nonidealities result in NAPL-phase activity coefficients that are greater than unity (Chapter

2), aqueous-phase nonidealities can cause ei to be greater than or less than unity (this

will be discussed in Chapter 7). The XA; term is likely to be very difficult quantify,

especially under complex field-scale conditions. Thus, non-thermodynamic factors that

also contribute to dissolution nonidealities (e.g., aqueous phase biodegradation) are likely

to be lumped the XA; term. However, it is important to remember that the proper

definition of el is based on the aqueous-phase activities of the two cyclodextrin

solution-NAPL systems (equation 3.6k).

In summary, the final form given by equation 3.5 is obtained by incorporating the

following assumptions: (1) the mole fraction of the aqueous phase in the NAPL phase is

essentially zero, (2) changes in (X 1 1\1)11 due to partitioning of the enhanced-solubility agent

to the NAPL phase are negligible, and (3) (y i N ) 13 are not affected by partitioning of the

enhanced-solubility agent to the NAPL phase. While this analysis is generally valid for all

enhanced-solubility agents, it is important to realize that the latter two assumptions may

not be valid if the enhanced solubility agent undergoes appreciable partitioning to the

NAPL phase. This may be particularly true of many traditional cosolvents (e.g., alcohols)

which are often miscible, at least to a degree, with the NAPL. Under these

circumstances, changes in the NAPL-phase mole fractions and NAPL-phase activity

coefficients may have to be practically accounted for by a lumped-parameter term (e.g.

0) similar to that for the aqueous-phase activity coefficients. However, the

assumptions listed above are generally valid for cyclodextrin solutions.
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The product kAi y" ; in equation 3.5 accounts for nonidealities in both the NAPL and

aqueous phases. In the absence of these nonidealities, A,A ; and yiNi i are unity, and the

equation reduces to:

cA*i = xN i Ei swi (3.7).

This equation is analogous to Raoult's Law (eq 3.3), and is referred to herein as the

modified Raoult's Law for ideal enhanced dissolution of a multicomponent NAPL in a

solution containing an enhanced-solubility agent.

Rate-Limited Mass Transfer. Mass transfer of a constituent between a single-

component NAPL and surfactant and cosolvent solutions has been represented by

modified forms of the following equation (Abriola et al., 1993; Imhoff et al., 1995; Roy et

al., 1995; Grimberg et al., 1996; Mason and Kueper, 1996):

dCA; / dt = k1 a. (CA* ; - CA; (t) ) (3.8)

where 1( 1 is the mass transfer coefficient [LT 1] and a0 is the specific interfacial area. As

described in chapter 2, the latter two terms (ki a0 ) are often lumped into a single mass

transfer rate coefficient, keff. Miller et al. (1990) and Powers et al. (1994) found that the

dissolution rate of a single-component NAPL in water-saturated porous media decreased

as the NAPL saturation became smaller, presumably because a smaller NAPL saturation

is correlated to a decreased specific interfacial area in eq 3.8. Powers (1994) also found

that larger NAPL blobs (for a given NAPL saturation) resulted in a decreased dissolution

rate due to a smaller interfacial area, and that the dissolution rate depended on the soil

grain distribution.

An alternate expression for NAPL-water mass transfer was offered by Cussler (1984):

dC" ; /dt = kri (Ki CA*; - CN 1 (t) )	 (3.9)
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where el ; is the concentration of the species in the NAPL phase, and ke is the mass-

transfer rate coefficient (T -1 ) (not equal to lc; in eq. 3.8) , and K is the NAPL-water

partitioning coefficient (KJ = Cw/CA*). Inspection of eq 3.9 shows that a smaller i, as

caused by addition of cyclodextrin (or other ESA) to the aqueous phase, results in a

larger driving force and, therefore, possibly a faster rate of dissolution. Laboratory studies

have indicated that surfactant micellar solubilization may result in greater departure from

equilibrium than for dissolution of NAPL into water alone (Abriola et al., Pennel et

al.,1993; Grimberg et. al.1996a,b). Grimberg et al. (1996) showed that the departure

from equilibrium increased with increasing surfactant concentrations. The studies of

Grimberg et al. (1996) and Abriola et al. (1993) found that values for keff can be much

smaller for surfactant solutions relative to water. These effects tend to mitigate increases

in the driving force.

Various mechanisms have been discussed as potential rate-limiting steps in

surfactant solubilization, such as micellar sorption/desorption to the NAPL-water interface,

where the micelles are presumed to collect the organic contaminant, as well as micellar

diffusion away from the interface (Chan et al., 1976; Carroll, 1981; Grimberg et al., 1996).

Cyclodextrin molecules are not thought to complex organic constituents at the NAPL-

water interface, but rather, complex the organics in the aqueous phase. Thus, a

decrease in keff due to these mechanisms is not expected for a cyclodextrin solution.

For a NAPL mixture, additional factors may constrain the rate of

dissolution. For dissolution of a single-component NAPL, the rate-limiting step is typically

assumed to be diffusion of an organic species from the NAPL-water interface into the bulk

aqueous phase (Weber, 1972; Powers et al., 1994). However, for a mixture, it is possible
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that the diffusion of a constituent within the NAPL to the interface may also be important.

In particular, some researchers have suggested that the dissolution rate may decrease

for a component in a NAPL mixture if the mole fraction of that component in the mixture is

small (Borden and Kao, 1992; Priddle and MacQuarrie, 1994). This may lead to varying

keff values for different components in the mixture. However, during bench-scale

dissolution experiments, Mukherji et al. (1997) could not detect significant differences in

the mass- transfer rate coefficients for two components in a synthetic coal tar at high and

at low mole fractions. However, by incorporating equation 3.7 into equation 3.8, one can

see that as the mole fraction of a component in a NAPL mixture decreases, a

concomitant decrease may occur in the driving force for mass transfer. This effect may

reduce the dissolution rate. At the field scale, additional processes may cause apparent

rate-limited dissolution. These phenomena were described in Chapter 2. More

research is needed to elucidate rate-limited mass transfer of multicomponent NAPLs.
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CHAPTER 4. LABORATORY EXPERIMENTS

Objectives

The objectives of this chapter are to: (1) combine measured data for

cyclodextrin- enhanced dissolution of selected hydrophobic organic compounds with

data from the exiting literature: (2) analyze the expanded data base so that a more

thorough or more certain understanding may be gained of cyclodextrin-enhanced

dissolution of organic chemicals; (3) obtain measured values for some important

hydrodynamic parameters of a 10 wt% cyclodextrin solution (the concentration used in

the field study) and (4) provide laboratory results for the solubility enhancement and

apparent solubility of certain "target contaminants" to be used in analysis of the field-

test data (Chapters 5-8).

Background

The unique properties of cyclodextrin, a glucose (sugar) -based molecule,

enable it to significantly enhance the aqueous-phase solubility of organic contaminants,

resulting in significantly larger "apparent solubilities". The apparent solubility of a NAPL

component is defined as the equilibrium concentration of the pure NAPL in an aqueous

cyclodextrin solution and is equal to the solubility enhancement multiplied by the

equilibrium water solubility.

The apparent solubilities of single organic compounds in aqueous cyclodextrin

solutions have been observed to increase linearly with the concentration of cyclodextrin

(Wang and Brusseau, 1993, Wang and Brusseau 1995; Bizzigotti et al., 1997). A
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simple relationship describing the relationship between cyclodextrin concentration (CH )

and the solubility (SW) of a single solute (Wang and Brusseau, 1993) was given in Chapter

3 and is repeated here to aid in the forthcoming discussion:

SA = SW (1 + Km, CH) = SW E (4.1)

where SA is the apparent aqueous solubility of the organic solute in the cyclodextrin-

enhanced aqueous phase, kw is the partition coefficient of the solute for equilibrium

mass transfer between cyclodextrin and water, and E is the solubility-enhancement factor.

While the enhancement is cyclodextrin-concentration dependent, Kcw is concentration

independent, and unique for an organic compound. The solubility enhancement results

from a decrease in the aqueous-phase activity coefficient compared to a water-only

solution, due to the complexation of the organic solute by cyclodextrin. This is analogous

to the effect of alcohols and surfactants on NAPL dissolution. The laboratory-based data

and results in this chapter were obtained using only hydroxypropyl-p-cyclodextrin

(HPCD), and do not apply for cyclodextrins modified with external groups other than a

hydroxypropyl molecule.

Materials and Methods.

Analytical-grade HPCD was purchased from Aldrich Chemical Co. (Milwaukee,

WI) with no purity reported. The organic chemicals were purchased from Aldrich

Chemical Co. with greater than 99% purity. Compounds investigated in this research

(for laboratory and field experiments) are listed with their acronyms in Table 4.1.

Methanol, used for standard preparation and sample dilution, was purchased from

Baker as HPLC-grade solvent.
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Table 4.1 Acronyms for Chemical Compounds

Target Compound Acronym For This Work

trichloroethene * TCE
1, 1,1-trichloroethane * TCA
naphthalene * NAP
o-xylene * o-XYL
m,p-xylene * p-XYL
toluene * TOL
benzene * BENZ
ethylbenzene * EB
1,2-dichlorobenzene * DCB
1,4-dichlorobenzene * 1,4-DCB
1,2,4-trimethylbenzene * TM B
decane * DEC
undecane * UND
octadecane OCT
chlorobenzene CB
anthracene ANTH
phenanthrene PHEN

* Denotes target contaminants chosed for field experiment (Chapter 5).

Density measurements of a 10 % cyclodextrin solution were obtained by

measuring the mass of a 4-mL sample. A mass-balance scale was "zeroed" with a 50

mL plastic beaker on the scale. A 4-mL sample of a 10% cyclodextrin solution was

delivered to the beaker using a 4-mL pipette and weighed. The mass of the sample

was divided by the volume to obtain a density measurement at 21.5 °C. Five replicates

were performed.

Viscosity measurements were conducted using a no. 3 "falling-ball" viscometer

(VWR Scientific, Phoenix AZ) with a glass ball of known density. The time required for

the ball to fall a given distance through the fluid of interest was obtained. This

measurement, combined with the fluid and ball densities, enable calculation of the fluid

viscosity using a VWR-provided procedure that is based on a Stokes-Law approach.
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Ten replicate measurements were performed. Laboratory measurements of interfacial

tension between the NAPL and HPCD-aqueous phase were conducted using a

pendular-ring technique (Bai et al., 1997; Fisher Scientific, Surface Tensiomat Mod 21).

For the batch solubility measurements performed in this research, 25 mL of

solution containing water or 10 wt% HPCD were added to 50-mL Corex centrifuge

tubes. Triplicate Corex tubes were prepared. For the NAPL components (all except

NAP, DDT, anthracene, and OCT, which are solids under environmental conditions),

the selected nonaqueous-phase organic compound was then added to each tube in

excess of the solubility limits. Tubes containing water and NAPL were prepared in an

identical manner. All samples were equilibrated by placing them on a vortex shaker for

1 minute, followed by placing them on a reciprocating shaker for at least 48 hours, and

finally placing them on a vortex shaker again for 1 minute. The equilibration was

performed at 23±1°C. After equilibration, samples were centrifuged at 75 g for 20

minutes to separate the aqueous and NAPL phases.

The following compounds were analyzed by UV-VIS (the wavelengths used for

UV detection are listed in parenthesis): TCE (240 nm), DCB ( 230 nm), o-XYL (230

nm), NAP (270 nm), chlorobenzene (260 nm), anthracene (240 nm), DDT (220 nm).

From the two-phase NAPL-water samples, 0.5 mL aliquots of the supernatant were

withdrawn and diluted with a 50:50 (by volume) methanol/water solution in 10-mL

volumetric flasks. The role of methanol is to inhibit the formation of HPCD-solute

complexes, thereby keeping the UV spectrum of the chemical unchanged (Wang and

Brusseau, 1993). The effect of methanol on the UV spectrum was negligible (less than

1% effect) for the HPCD and methanol concentrations used here. All standard curves
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for the UV-vis analysis were linear with an R2 value of greater than 0.998 in all cases.

The remaining compounds were analyzed by the gas chromatography with a flame-

ionization detector (GC-FID) method described shortly.

For the compounds that exist as solids at room temperature, equilibrium could

not be obtained using the above method. A generator column approach (Wang and

Brusseau, 1993) was used for these compounds to attain a more-rapid equilibrium.

The generator column was a 30-cm long, 2 cm i.d. glass distillation column (Aldrich

Co.) packed with pre-washed glass beads (212-300 Am, purchased from Sigma Co.)

coated with excess chemical. The column was plugged with glass wool at both ends to

contain the glass beads in the column and to minimize displacement of solid-phase

chemical particles into the aqueous samples. The HPCD solutions were passed

through the column, and a fraction of the effluent was immediately analyzed for solute

concentrations using UV-vis spectroscopy. The remaining effluent was then repeatedly

passed through the column until a constant effluent concentration was obtained.

The apparent solubilities of the remaining compounds were analyzed by gas

chromotagraphy (GC). Five- mL portions of the supernatant of the centrifuged NAPL-

aqueous samples were transferred directly to glass 20-mL head-space vials (Teflon-

lined septum and crimp cap), allowed to equilibrate to room temperature, and analyzed

by GC-FID (Shimadzu, GC-17A with capillary column), with a head-space autosampler

(Tekmar, 7000). Details on the analytical procedure, including temperature and

pressure programming, may be obtained from Johnson and Brusseau (1997).

Analytical detection limits for this method are listed in The aqueous solubilities of DDT

and OCT in water were below the detection limits for both the UV-vis and GC-FID
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analytical methods used in this study; thus, the water-solubility values for these

compounds were taken from the literature.

Results and Discussion.

Solubility Enhancement and Apparent Solubility.	 The solubility-

enhancement data and cyclodextrin-induced apparent solubilities of organic

compounds originally presented by Wang and Brusseau (1993) is updated to include

the results from this research as well as data from the literature (Table 4.2).

Cyclodextrin causes the largest enhancement for the more hydrophobic compounds.

The relationship between Log Kc,,, and Log K. for the 18 compounds, shown in Figure

4.1, exhibits a strong linear correlation (R2 = 0.93) with OCT omitted from the

regression. With OCT included in the regression, however, the R2 value decreases to

0.82. Visualization of the data in Figure 4.1 suggests that it is possible that the overall

trend could exhibit a horizontal plateau beyond some "threshold" Log Kow value.

However, more data at high Log Km values is required to verify or refute this possibility.

Wang and Brusseau (1993) observed similar behavior for DDT in a smaller data

set, and hypothesized that it might be due to a large relative molecular volume of the

organic compound compared to the volume of the cyclodextrin cavity. That is, due to

the large volume, a larger molecule may only achieve partial entry into the HPCD

cavity, weakening the inclusion complex by creating a relatively non-polar end on its

exterior. The molecular volume of the cyclodextrin cavity is 0.346 nm3 (Wang and

Brusseau, 1993). Calculated molecular volumes for each organic compound are listed

in Table 4.2. These values were estimated by dividing the calculated diffusion volume

(nm 3/mole) by Avogadro's number. The diffusion volume (nm3) was calculated using
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the group-contribution method of Fuller, Schettler and Giddings (1966) using the

procedure outlined by Lyman et al (1982).

Table 4.2 Physicochemical and Solubility Enhancement Parameters of Organic
Compounds

Compound
Molar
Mass

(g/mol)

Molec.
Volume
(nm3 )

f Log
Kow

Log Km, E SW

(mg/L)
SA (mg/L)

(in 10%
HPCD)

TCE a 131.39 0.155 2.61 1.71 6.5 1150 7502
CBb 112.60 0.180 2.84 1.92 9.3 456 4249
PCE C 165.83 0.184 2.60 1.90 8.9 150 1341
TOL a 92.17 0.185 2.65 1.93 9.6 464 4454
o-XYL a 106.17 0.219 2.95 2.18 16.1 152 2453
p-XYL a 106.17 0.219 3.10 2.30 20.8 170 3536
EB a 106.17 0.219 3.13 2.38 24.9 153 3810
NAPa 121.18 0.233 3.37 2.72 53.5 31 1659
1,2-DCB a 147.00 0.209 3.40 2.48 31.5 137 4316
1,4-DCB d 147.00 0.209 3.39 2.32 21.8 65 1419
TM B a 120.19 0.253 3.78 2.20 17.0 106 1802
ANTH b 178.24 0.316 4.45 3.47 296 0.048 14
PHENe 178.24 0.316 4.52 3.10 126 1.30 163
Pyrene 202.30 0.337 5.09 2.95 90.3 0.157 14
DDTb 354.49 0.508 6.36 4.05 1123 0.0054 f 6.1
DEC a 142.28 0.346 6.69 4.92 8345 0.020f 167
UND a 156.30 0.380 6.95 4.79 6100 0.016f 98
OCT e 252.40 0.618 10.95 4.79 6224 0.002f 13
a. AH parameters measured in this research except where otherwise noted.

b. From Wang and Brusseau. (1993).
C. PCE: from Bizzigotti et ai (1997)

d. From Boving et al. (1998)
e. From Wang et al. (1995)
f. From Montgomery (1989) and Montgomery and Welkom (1991).

As shown in Table 4.2, the compounds with a Log Kow value greater than 6 have

molecular volumes that are larger than that of the cyclodextrin cavity. The molecular

volume values in Table 4.2 are estimates, and therefore not exact measures of the

molecular volume. However, the average errors reported by Lyman et al. (1990) are
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less than 10% for the types of compounds discussed here. It is important to recall that

the aqueous solubilities of DDT and OCT were not be measured, and were therefore

taken from the literature. While the apparent solubility is a measured value, the

uncertainties associated with the solubility values taken from the literature are

essentially unknown. Thus, the error in the subsequent solubility enhancement values

cannot be quantified. However, an error in a solubility enhancement value is not likely

translate into a large error in the log 1<cw value (equation 4.1); thus significant errors in

the correlation due to uncertainty in the water-solubility values are not expected.

This effect may be especially important for OCT because its relatively large

volume is primarily due to it's extended length. This would likely result in a significant

fraction of the molecule's length protruding from one end of the HPCD cavity. Thus, the

OCT-HPCD inclusion complex may have a relatively large non-polar end which could

weaken the inclusion complex, result in a reduced apparent solubility, and yield a

relatively smaller solubility enhancement, compared to the linear trend. It is also

interesting to compare this "partial-entry" effect between two similar compounds: DEC

(which is a 10-carbon alkane) and UND (which is an 11-carbon alkane). DEC has a

slightly larger enhancement than UND, although UND is expected to have a larger

enhancement because it is more hydrophobic. However, because DEC has about the

same volume as the HPCD cavity, while that of UND is larger, the effects of partial

inclusion of a contaminant in the HPCD cavity (causing existence of an apolar end to

the HPCD-organic complex) may be less important for the HPCD-DEC complex.

Based on this evidence, one might expect the relative solubility enhancement for

alkanes to increase with increasing number of carbons in the molecular chain until the
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chain contains about 10 carbons (as for DEC), and then decrease as the number of

carbons in the chain increase.

Implications of Solubility Relationships for Subsurface Remediation. The

cyclodextrin-induced solubility enhancement is greatest for hydrophobic compounds.

For remediation scenarios, this implies that cyclodextrin flushing, when compared to

water flushing, may effect a greater relative improvement in mass-removal for

hydrophobic compounds than for less-hydrophobic compounds. However, under

conditions of equilibrium dissolution, the absolute amount of contaminant mass

removed during pumping in a remediation scheme depends on the apparent solubility

of the contaminant (defined previously as the enhancement multiplied by the water

solubility).

Figure 4.2 illustrates that the apparent solubility is generally greatest for the

more-hydrophilic (less-hydrophobic) compounds in the data set. This relation has

important implications for remediation of multicomponent NAPLs. For similar in situ

conditions, compounds that are more hydrophilic (or polar) may be expected to be

removed from the subsurface at a the faster rate than relatively hydrophobic

compounds during flushing with cyclodextrin solution. However, as is apparent from

the figure, this relationship does not exhibit a strong correlation, and may not hold for a

particular subset of hydrophobic compounds. It is possible that similar relations exist

for other enhanced-solubility agents (e.g., surfactants, cosolvents). Obviously, this type

of information is important for the proper design of NAPL-remediation systems using

enhanced-solubility agents, particularly when the presence of one or few contaminants

in a NAPL mixture is the regulatory driving force for remediation.
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Density and Viscosity. The density and viscosity measurements for a 10 wt%

cyclodextrin solution are given in Table 4.3. Note that the measured values for density

and viscosity for a 10wt% cyclodextrin solution are similar to water. Thus, one would

not expect the hydrodynamic behavior of a 10wt% cyclodextrin solution to be

significantly different than water.

Table 4.3 Hydrodynamic Parameters for a 10 wt% Aqueous Cyclodextrin Solution
(all values measured at 21.5 ° C).

Density
(kg/L)

Viscosity
(cP)

b NAPL-Aqueous Phase
Interfacial Tension

(dyne/cm)

10 wt°/0 HPCD 1.024±.003 1.153± .011 37 ± 3

Water 0.998 ± .004 0.971 a 15 ± 2

a. From Lide (1992).
b. For NAPL collected from a well at the OUI site.

NAPL-Aqueous Phase Interfacial Tension Reduction.	 Previous

measurements (Wang and Brusseau, 1993) of surface tension indicated that the

surface tension decreased with increasing HPCD concentration from 72 dyne/cm to an

apparent asymptote of between 60 and 65 dyne/cm. Measurements obtained for this

research indicated that a 10wt°/0 HPCD solution reduced the NAPL-water interfacial

tension from 37 dynes/cm to about 15 dyne/cm for NAPL collected near the treatment

area at Hill AFB (see Table 4.3). Wang (1997) measured an interfacial tension

reduction for a TCE-aqueous system from 35 dyne/cm to about 10 dyne/cm as a result

of a 10wt% HPCD solution. Boving et al. (1998) found that the NAPL-aqueous phase
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interfacial tension TCE and PCE systems were reduced by about 30% when a 10 wt%

HPCD solution was contacted with the NAPL phase instead of water. Based on the

interfacial tension measurement reported in this chapter, as well those of Boving et al.

(1998) and Nelson (1997), addition of HPCD to water-NAPL systems cause interfacial

tension reductions of between about 30 °A) to 60% for various NAPLs when the

cyclodextrin concentrations is increased from 0.1% to 10%, respectively.

Bizzigotti et al. (1997) determined that increasing concentrations (up to 1%) of

8-cyclodextrin caused slight decreases in interfacial tension of a PCE-p-cyclodextrin-

solution system, followed by slight increases (less than 5 %) in the interfacial tension.

The same researchers found that increasing concentrations of a-cyclodextrin and y-

cyc I od ext n up to 5% caused more substantial increases in interfacial tension (up to

25%) for PCE. Thus, the degree of interfacial partitioning for HPCD (8-cyclodextrin with

added hydroxypropyl groups) appears to be more significant than that of the unaltered

cyclodextrin molecules. Based on this evidence, it is tempting to attribute the increased

interfacial partitioning (and thus the decrease in interfacial tension) caused by HPCD to

the presence of the hydroxypropyl groups on the exterior of the molecule. However,

since the hydroxypropyl groups are added to the base cyclodextrin molecule to

increase the aqueous solubility of the base molecule, it seems unlikely that this addition

would cause increased interfacial partitioning. It should be noted that accurate NAPL-

aqueous phase interfacial tension measurements are difficult to obtain.

Interfacial tension reductions of the magnitudes described above can, under

certain conditions, cause formation of "macroemulsions", as discussed in Chapter 2.

Any macroemulsions that may have formed in the batch-solubility samples were
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separated from the aqueous-phase by centrifugation (75 g for 20 minutes) prior to

solubility analysis, and therefore should not have contributed to the measured solubility

enhancements.

Implications of Fluid Properties for Subsurface Remediation. The fluid

properties of cyclodextrin are favorable for its use in subsurface NAPL remediation.

The density of a 10wt% solution is nearly equal to water; thus density-control problems

that may arise in field applications are minimized. Consideration of density-driven

transport may be important for field-implementation of some cosolvents (Falta et al.,

1998). The viscosity of a 10 wt% cyclodextrin solution is about 20% greater than that of

water, which should be considered when designing flow-delivery systems, but should

pose no serious obstacle. A 10wtc/0 cyclodextrin solution causes a reduction in the

NAPL-aqueous phase interfacial tension, but as discussed above, this effect should not

incur NAPL-mobilization problems.
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CHAPTER 5. ENHANCED-REMEDIATION FIELD EXPERIMENT:

SITE DESCRIPTION, MATERIALS, AND METHODS

Overview

The cyclodextrin field experiment, termed a "Complexing-Sugar Flush" (CSF)

was conducted during the summer of 1996 at a Comprehensive Environmental

Response, Compensation, and Liability Act site located at Hill Air Force Base (AFB)

Utah. The site is contaminated with NAPL which penetrated the subsurface during

various waste disposal practices over an extended period (1940-1970) (USAF, 1995).

The CSF study is one of several treatability studies of innovative remediation

technologies that have been conducted at Hill AFB under the Strategic Environmental

Research and Development Program (SERDP) (Bedient et al., 1998), which is a

federally-funded program whose purpose is to advance research and development of

promising, innovative, environmental-remediation technologies.

This experiment is the first to use cyclodextrin as a flushing agent for

subsurface remediation at the field scale. In addition, because of the varying

composition and distribution of the NAPL, as well as the heterogeneous nature of the

porous media, this site is more complex than those that have typically been studied for

many previous enhanced-remediation experiments.

Site Description

Hydrogeology. The field site is within Operable Unit One (OUI)) at Hill AFB in

Layton, Utah. The site is located in the Weber River Valley, approximately 25 miles
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north of Salt Lake City, UT. The elevation is approximately 4800 ft above sea level.

The escarpment at OU1 has moderate to steep slopes toward the Weber River Valley,

with approximately 300 ft of relief between the terrace at OU1 and the river valley (see

Figure 5.1). The unit of concern is a shallow, unconfined aquifer that consists of fine-

to-coarse sand interbedded with gravel and clay stringers, and is approximately 9 m

thick. The natural ground water elevation at the site fluctuates between 5.5 to 7.5 m

below ground surface (bgs). The saturated depth ranges from 0.1 m to 3 m. A 60 m-

thick clay unit, interbedded with silt, underlies the aquifer (USAF, 1995). The

groundwater in the shallow aquifer at OU1 flows in a north-northwesterly direction

toward the Weber River Valley. The horizontal hydraulic gradient is relatively flat on the

bench at OUI and becomes relatively steep near the valley escarpment (Figure 5.1).

Porosity values ranging between 15% and 25% have been reported at the site

(USAF, 1995; Knox et al., 1997; Cain et al., 1997; Rao et al., 1997; Falta et al., 1998).

The horizontal hydraulic conductivity value for the saturated portion of the aquifer was

calculated to be in the range of 10-1 cm /sec to 10 -2 cm/sec based on aquifer test data

(USAF, 1995). The horizontal hydraulic conductivity of the silty clay unit ranges from

10-4 to 1T5 cm/sec based on slug test data (USAF, 1995). The average vertical

hydraulic conductivity of the clay unit is less than 10-7 cm/sec based on constant-head
'

permeability testing of core samples collected from the unit (USAF, 1995). Average

horizontal linear ground water velocities in the sand-gravel and silt-clay units are about

594 m/yr and 3.0 m/yr, respectively. The average vertical linear velocity in the silt-clay

unit ranges from 0.003 to 0.73 m/yr (USAF, 1995).
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An enclosed cell was used for this experiment to minimize migration of normally

sparingly-soluble contaminants that could experience enhanced solubilization and

transport in the presence of cyclodextrin, to facilitate evaluation of mass-removal

performance, and provide more accurate mass-balance calculations for injected

chemicals and removed pollutants. The 3 m by 5 m area cell was enclosed by 9.5 mm-

thick sheet pile walls (Starr et al., 1991) that were driven into the clay layer. The joints

in the sheet-pile walls were sealed by injecting grout (bentonite and a special type of

concrete) into the joint cavities. Debris was removed from the cavities prior to grouting

by injection of high-pressure air and water into the cavities. The top of the clay layer is

approximately 8 to 8.5 m below ground surface (bgs) in the treatment area.

The effective porosity (n) within the treatment cell was measured to be about

20% based on conservative-tracer breakthrough curves. Bromide, as CaBr2 , was used

as the conservative tracer (Cain et al., 1997). This porosity value was calculated from

n = (Q/A)(T/L), where Q is the flow rate of injected fluid, A is the assumed cross-

sectional area for flow, T is travel time obtained from first-moment analysis of the

tracer-pulse breakthrough curves (corrected for a input pulse of finite duration), and L is

the linear distance between injection and extraction wells. The horizontal hydraulic

conductivity within the treatment cell was calculated to be about 4.5 x 10-2 cm/sec

based on conservative-tracer test data (Cain et al., 1997). This estimate was

calculated from Darcy's law using the travel time, average porosity, and the measured

hydraulic-head gradient between injection and extraction wells.

Hydraulic Testing of Treatment Cell. The treatment cell used for the CSF test

was designated as "Cell 4". A leak test was performed to ensure that Cell 4 would be
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hydraulically isolated during the CSF technology demonstration. Water levels were

measured daily at several wells over a period of 9 days prior to injection of tracer or

cyclodextrin solution to determine whether the cell was "water tight". The initial water

table height at the start of the test was chosen to be about 2 ft higher than the

proposed CSF operating level, to ensure that the hydraulic head during the leak test

would be larger than during the technology demonstration. Considering the slow

transport of rain water through the vadose zone, the effect of some light rain (3 hours)

rain that occurred during the test on the test results is negligible. However, as

discussed below, previous rains likely influenced the test results. The wells were

covered during the leak test, except for small opening between the well cap and the

well casing to allow equalization of well-cavity and atmospheric pressure.

The relative well locations are illustrated in Figure 5.2 and tabulated in Appendix

A. The average depth and average daily leak rate are given in Table 5.1.

Measurements were not taken from well 41, well E52, nor the south piezometer

because excessive NAPL thickness in these wells would not allow for accurate water-

level measurements. Note that the average rate is positive for the wells inside the cell

(rising water table), while the water table in the monitoring wells located down gradient

(about 1 m outside the extraction-well side) of Cell 4 showed an average decrease in

the water-table elevation. The results for three in-cell wells are shown in Figure 5.3.

The water table elevation increased consistently during the test period, probably due to

normal recharge from previous rains. Since the hydraulic head in the aquifer outside

the cell was lower than that inside the cell, leakage cannot be attributed to flow into the

cell from the outside aquifer. Thus, the cell was hydraulically isolated.
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Table 5.1 Hydraulic Leak-Test Results for Cell 4

Well Average Daily Depth Below
Ground Surface (m)

Average Daily Water-
Level Change (cm) C

42 a 5.44 +0.37
43 a 5.44 +0.46
44 a 5.45 +0.21
51 a 5.29 +0.43
53 a 5.34 +0.31

61 North Piez. a 5.36 +0.30
81 b 6.26 -0.24
82 b 6.29 -0.06

a. This well is located inside the boundaries of Cell 4 near the plan-view center (see Appendix A).
b. Monitoring wells located just outside the north end of Cell 4
c. + sign indicates that the water table elevation increased (depth to water table decreased)

To verify hydraulic isolation during the CSF, water samples were taken once or

twice daily from the monitoring wells and were analyzed for cyclodextrin. All of these

samples were below the detection limit for cyclodextrin, indicating that no cyclodextrin

escaped from the cell. The hydraulic head values at the outside-cell monitoring wells

were typically at least 0.7 m smaller than those inside the cell, resulting in a hydraulic-

head gradient that should direct any cyclodextrin escaping from the cell to these wells.

However, significant dilution outside the cell could make detection of small

concentrations of cyclodextrin escaping from the cell very difficult.

Site Contamination. Several waste disposal areas are located within OUI

(Figure 5.1). Two chemical disposal pits were in operation at OUI from 1952-1973.

Large quantities of liquid wastes (primarily JP-4 waste fuel and spent degreasing

solvents) were disposed of and periodically burned in the pits. Inactive fire training

areas, used by Hill AFB until 1973 as a practice area to extinguish simulated aircraft

fires, are also present at the site. Fuels burned in this area included jet fuel, waste oil,
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and combustible waste chemicals. A landfill, used for industrial liquid and solid waste

disposal, was in operation from 1940 to 1978 and contains industrial sludge, waste

solvents, and unidentified chemicals. Finally, a brick-lined waste phenol/oil pit was

used periodically from 1954-1965 to burn waste oil and phenol.

The long-term waste-disposal practices have produced an oblong,

discontinuous, 7 acre (3.5 ha) NAPL plume (Rao et al., 1997). This NAPL source has

subsequently generated an extensive dissolved-phase plume that has traveled past Hill

AFB boundaries (Rao et al., 1997; Montgomery Inc. 1992). A farming community exists

down-gradient of the site below the northern escarpment, as does a water-supply canal

(Figure 5.1). Given the steep water-table gradient across the escarpment, off-site

contaminant transport is of great concern.

The treatment cell used in this study is located within one of the disposal-pit

areas (designated as CDP 2 on Figure 5.1). The cell was emplaced in what is

considered to be a source area of water-immiscible organic contaminants (free phase

or residual NAPL present). The NAPL mixture is comprised primarily of petroleum

hydrocarbons, chlorinated hydrocarbons, and PAHs, and is considered to be less

dense than water. A list of the most prevalent NAPL-phase contaminants detected in

aquifer samples at the site are shown in Table 5.2. The NAPL is smeared throughout

the saturated, as well as unsaturated, portions of the aquifer as a result of water table

fluctuations. The initial NAPL saturation was estimated to be approximately 13% based

on results obtained from a partitioning tracer study (Cain et al., 1997). The NAPL

appears to exist as residual saturation within most of the treatment area.



TABLE 5.2 Summary of Soil-Phase Contamination Near Disposal Pit Area
(Adapted from USAF, 1995 2 )

Contaminant Max Concentration (pig /g dry soil)

CHLORINATED SOLVENTS
1,2- Dichlorobenzene 170
1,3- Dichlorobenzene 3.2
1,4- Dichlorobenzene 21
1,2,3- Trichlorobenzene 2.9
1,2,4- Trichlorobenzene 19
Chlorobenzene 2.0
Trichloroethene (TCE) 40
1,2-Dichlorethene (total) 14
1,1 ,1-Trich loroethane (TCA) 8.1
Tetrachloroethene (PCE) 9.1
ORGANIC SOLVENTS
2-Hexanone 8.0
2-Butanone (MEK) 5.2
Acetone 1.4
Fuel
Benzene 0.1
Toluene 57
Ethylbenzene 6.2
m,p-Xylene 40
o-Xylene 12
p-Cymene 4.5
1,2,4- Trimethylbenzene 54
1,3,5- Trimethylbenzene 20
n-Propylbenzene 6
lsopropylbenzene 1.2
sec-Butyl benzene 4.1
Naphthalene 17
2-Methylnaphthalene 17
Fluorene 1.4
Phenanthrene 1.8
Pyrene 1.0
Total Jet Fuel 51,000
Total Other Petroleum Hydrocarbons 16,000
Total Gasoline 2,200
OTHER
Total Phenols -2.2
Total Pesticides & PCBs -3.0
Total Dioxins/Furans -0.01
Metals (mainly Cu,Pb,Zn,Cr) -1.2
a. Only chemicals with soil concentration greater than 1 ug/g are listed, except for benzene & dioxins).

89
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Of the many compounds in the NAPL, 12 "target contaminants" were chosen

prior to the experiment for the purpose of evaluating remediation effectiveness. These

targets (with acronyms listed in parentheses) are listed in Table 4.1. These compounds

were selected to provide a representative subset of the important NAPL constituents

present within the study area. The 12 compounds comprise slightly less than 10% of

the total NAPL within the cell (Chapter 6). The remainder appears to be comprised

primarily of higher molecular-weight jet fuel components and relatively insoluble, pitch-

like components (Jawitz et al., 1998).

After completion of the field experiment and sample analysis, it was discovered

that 1,3,5-TMB had been analyzed for in soil samples (by Michigan Technological

University), while 1,2,4-TMB concentrations were measured in aqueous samples. Both

compounds are components of JP-4 jet fuel with similar jet-fuel mass fractions. This

issue will be discussed in more detail concurrent with the discussion of the field-

experiment results (Chapters 6-7)

Materials and Methods

Complexing Sugar-Flush Field Experiment. A line of four injection wells and

a line of three extraction wells, both normal to the direction of flow, were used to

generate a steady-state flow field (Figure 5.2). The injection and extraction wells (5.1

cm diameter, stainless-steel screen, PVC casing) were fully screened over the

saturated thickness. Water-table levels were maintained about 0.3-0.7 m below the top

of the injection-extraction well screens. Injection and extraction flow was generated

with peristaltic pumps (Master Flex UP from Cole-Parmer, Tygon-LFL tubing) using a
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separate pump-head for each well. Flow from each pump-head was monitored

continuously using viscous flow meters (Dwyer Co., 1 gpm capacity).

The flow meters were calibrated prior to each experiment by measuring the time

required to fill a 4 L-container with the appropriate fluid at the same front- and back-

pressure conditions that existed during the experiment. This calibration was checked

once every 4 hours during flushing. Flow was fine-adjusted by throttle valves on the

flow meters. Coarse adjustments were made by changing pump speed. A somewhat

higher pump speed was required to achieve the desired flow rate of cyclodextrin

solution compared to pumping water due to the higher viscosity of the cyclodextrin

solution (Chapter 4), but no adverse affects associated with the flow meters were

noted. Average time to tubing degradation was determined prior to the experiment.

During the experiment, tubing was moved through the pump-head after a pumping time

equal to half that determined to result in tubing degradation. Because the pump had to

be shut off before tubing could be moved, only one pump-head at a time was

maintained to minimize periods of no-flow. Sufficient tubing was used for each pump-

head such that no tubing replacements were required during the experiment.

Technical-grade hydroxypropy1-6-cyclodextrin was used for the experiment, and

was delivered in dehydrated form (Cerestar USA Inc., Lot 8028). This technical-grade

material was comprised of approximately 90% cyclodextrin (average molar mass =

1363 g/mole) and 10wt% production byproducts. The byproduct consisted of hydrated

ash (about 8wt%), with about 2wt% propylene glycol and less than 0.1wt% sodium

chloride. The nontoxic nature of cyclodextrin was discussed in Chapter 2. Propylene

glycol is harmless and is used as a nontoxic antifreeze in breweries and dairy
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establishments (Merck & Co., 1989). The cyclodextrin product was mixed with potable

water to achieve a cyclodextrin concentration of 10.4wt% using an 80,000 L mixing tank

with four top-mounted, 3.7 kW, three-phase, electric-powered mixers.

Prior to the CSF, approximately 19.5 pore volumes of water were flushed

through the cell in several stages (Bryan et al., 1997; also discussed below), including

an 8-pore volume pre-remediation partitioning-tracer test (Cain et al., 1997). For the

CSF, approximately 8 pore volumes of the 10wt% cyclodextrin solution (a total of

approximately 65,400 L) were pumped through the cell during a 10-day period at an

average rate of 4.54 Umin. Tubing degradation in the peristaltic pump system caused

flow rate variations of up to 10%; however, variations of greater than 5% rarely

occurred for more than one hour. The flow rate was monitored and adjusted to

maintain the water table in the enclosed cell at 5.4 - 5.6 m bgs. Two 2-cm diameter

piezometers (PVC casing) centered along the flow direction within the cell were used,

along with the injection and extraction wells, to monitor water levels during the test.

Flow was interrupted for one day after 8 days of flushing to investigate the

potential for rate-limited dissolution. The CSF was continued for two more days after

the flow interruption period. At the end of the experiment, about 5 pore volumes of

cyclodextrin-free water was flushed through the cell to remove the cyclodextrin.

Aqueous samples were collected at each extraction well (E51, E52, E53 on Figure 5.2)

to monitor for target-contaminant and cyclodextrin concentrations. Samples were

collected hourly for the first 36 hours of the experiment, and every 3 to 4 hours

thereafter. A post-remediation partitioning tracer test (Cain et al., 1997) was conducted

after this 5 pore-volume water flush.
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In addition, 12 multi-level samplers (MLS) were used to collect ground water

samples at 5 different depths within the saturated zone (0.1 m intervals from 5.7 m

BGS to 8.1 m BGS). For the multilevel sampler system, the samples were drawn by

vacuum through a 3.2 mm stainless steel tube connected to a 2.5 cm- long, 1.25 cm

diameter, 40 micron HPLC pump filter located at the sample. Samples were collected

before and after remediation under no-flow conditions, and were also collected during

the experiment. Only the results from multilevel-sampler samples collected under no-

flow conditions are reported in this work. Appendix A includes the locations of all wells

and multilevel samplers within the treatment cell, the depth intervals of the wells and

piezometers, and the sampling depths of the MLS samplers.

Water-Flush Field Experiment. A water-flush (WF) experiment was performed

prior to the cyclodextrin experiment to simulate pump-and-treat remediation for

comparison with the CSF. Approximately 19.5 pore volumes (24.5 days of pumping) of

water were flushed through the cell during the water flush. This pumping period was

not continuous; flow was interrupted twice. The first interruption (no-flow) period

occurred after about 17 days of pumping and lasted for 21 days. Pumping was then

reinitiated and continued for about 5 more days before a second no-flow period (lasting

4-days) was incurred. After this period, pumping was resumed and continued for 3

days, after which the CSF was initiated without flow interruption. The CSF was initiated

such that steady flow conditions, including a constant water table elevation, were

maintained during the transition. Using this procedure, direct comparisons of

contaminant mass-removal effectiveness can be made for the two technologies under

nearly identical hydrogeological and hydrogeochemical conditions.
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Soil Sampling for Contaminant Concentrations. Soil core samples, which

were collected at various depths throughout the treatment cell before and after the

experiment, were analyzed for the soil-phase concentrations of each target

contaminant. The pre-remediation cores were collected while drilling injection and

extraction wells, and from boreholes of MLS 22 and 24 (Figure 5.2). The post-

remediation cores were collected at locations as close as possible to the pre-

remediation cores, within the limitations of the drilling equipment. The cores were

collected in sections using a hollow-stem auger with 122 cm-long (4-foot) sample

cylinders (USAF, 1995). Due to varying soil conditions, the core recovery (the amount

of soil actually retained in the cylinder) varied between about 20%-95% for each 122

cm core section. The recovery was typically between 70-95% for the pre-remediation

coring episode, and between 40-95% for the post-remediation coring episode.

Soil subsamples weighing from 5-10 grams were collected from each soil-core

section for the purpose of determining in-situ resident-phase (soil + water + NAPL)

concentrations. Generally, a soil subsample was taken at 0.25 m intervals for the pre-

remediation cores, and at 0.5 m intervals for the post-remediation cores. Fifty-six pre-

remediation samples, and eighteen post-remediation samples were collected and

analyzed. The locations for the boreholes from which soil cores were collected are

tabulated in Appendix A.

Analytical Methods for Field Samples. Cyclodextrin was analyzed by

fluorescence spectroscopy (Hitachi F-2000 Fluorescence Spectrophotometer, 440 nm

excitation wavelength /300 nm emission wavelength) using a fluorescent dye, 2-p-

toluidinylnaphthalene-6-sulphonate (TNS), that is added to the samples prior to analysis
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(see Kondo et al. 1976 for details). Cyclodextrin has no fluorescence response, and

that of TNS is minimal. However, the TNS-cyclodextrin complex exhibits significant

fluorescence (Bender and Komiyama, 1978). The detection limit of cyclodextrin using

this method is approximately 1 mg/L. For certain environmental systems, high

concentrations of cations (e.g. Ca2+
, Mg2+

) can cause interference by interacting with

the TNS. This effect, while insignificant in this study, can be minimized by addition of

EDTA to the solution (Brusseau et al. 1998a). Cyclodextrin can also be analyzed by

gas chromatography after conversion to a volatile dimethylsilyl ether form (Beadle,

1969), but this more-complex method was not utilized in this research.

During coring, soil samples were placed into vials containing methylene chloride

(extractant) and acid, and delivered to the Environmental Laboratory at Michigan

Technological University for analysis. Samples were stored at 4 °C until analysis. Prior

to analysis, the samples were allowed to equilibrate to room temperature and then were

sonicated for 15 minutes. After sonication, the samples were centrifuged at 2300

revolutions per minutes for 15 minutes to separate the phases. A 1.0 ml aliquot of the

methylene chloride phase was added to a 1.8 mL auto-sampler vial with a Teflon-lined

septum and crimp cap. Then, 2 iL portions of the samples were analyzed by a gas

chromatograph (GC) (Hewlett Packard 5890 with capillary column)-mass spectrometer

(Hewlett Packard 5970), equipped with an automatic sampler (Hewlett Packard ALS

7673). Using this method, quality-assurance-and-control (QA-QC) standards were met

for all 12 compounds.

The aqueous samples were collected with no head space in 40-mL (extraction

well samples) and 8-mL (samples from multilevel samplers) vials with teflon-lined caps.
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These samples were delivered to the University of Arizona and stored in the dark at

4°C for periods up to 6 months until analysis. Samples that were collected in the field

at essentially the same time were analyzed at various times during the storage period.

Results from these tests indicated that volatilization and biodegradation (or other

avenues of mass loss) were not significant during the storage period. For analysis, 5

mL- portions of the samples were transferred to glass 20 mL head-space vials (Teflon-

lined septum and crimp cap), allowed to equilibrate to room temperature, and analyzed

by GC-FID (Shimadzu, GC-17A with capillary column), with a head-space autosampler

(Tekmar, 7000). With this method, QA-QC standards were met for 10 of the 12

compounds. Benzene could not be detected consistently in the water samples, and

presented analytical difficulties for the aqueous CSF samples due to an unknown

coeluting compound. Similar analytical difficulties also occurred for TCA in samples

containing cyclodextrin, for which unknown compounds coeluted. Therefore, the

aqueous-phase concentrations for these two contaminants are considered to be

unreliable and are not reported. The detection limits for all the target contaminants are

given in Appendix B (Johnson and Brusseau, 1997).

Biological Oxygen Demand of the Cyclodextrin Solution. Determination of

the maximum, or ultimate, biological oxygen demand (BOD) of a 10wt°/0 cyclodextrin

solution was required because post-remediation fluids were discharged into the

industrial waste-water treatment system at Hill AFB (USAF, 1995). The actual BOD of

a flushing solution in a given treatment system will depend on the waste-stream

composition, as well as the biodegradation efficiency of the treatment system. The

ultimate BOD may be approximated by the theoretical COD, which can be calculated
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assuming that the cyclodextrin undergoes complete oxidation to CO2 (mineralization)

(Grady and Lim, 1980). In reality, the ultimate BOD will be less than the theoretical

COD since not all the organic material can be used efficiently as energy by the

microorganisms.

Mineralization of technical-grade cyclodextrin may be represented by the

following reaction:

C63H70042 + 59.5 02 4 63 Cos + 35 H 20

Thus, for each gram of HPCD decomposed, 0.635 grams of 02 are required.

For a 10wt% (100 g/L), the ultimate BOD of the CSF effluent is 63.5 g/L. Based on this

BOD value, the post-remediation cyclodextrin flushing solution (including organic

contaminants) was delivered to a 80,000-L waste tank for storage, and was

subsequently pulsed into the industrial waste stream to limit the total BOD potential of

the waste stream. This operation was managed and performed by OUI site personnel.
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CHAPTER 6. ENHANCED-REMEDIATION FIELD EXPERIMENT:

MASS REMOVAL EFFECTIVENESS

Objectives

The main objective of this chapter is to determine if hydroxypropy1-6-

cyclodextrin (which will be referred to as "cyclodextrin" hereafter when associated with

this field work), an enhanced-solubility agent never before used at the field scale, is

effective at removing multicomponent-NAPL mass from a hazardous waste site. In

addition, the important physicochemical parameters of the multicomponent NAPL which

affect mass removal are discussed.

General

As discussed in Chapter 4, cyclodextrins generally cause a greater relative

solubility enhancement for more-hydrophobic compounds. This is also generally true of

surfactants and cosolvents (e.g. Shiau et al., 1994; Rao et al., 1990; Augustijn et al.,

1994; Sabatini et al, 1996). However, the actual apparent solubilities can be larger for

less-hydrophobic compounds because of their higher aqueous solubilities. Additionally,

for a NAPL mixture, the equilibrium aqueous concentration also depends on the NAPL-

phase mole fraction, following Raoult's Law. The mass-removal rate of a given

contaminant during enhanced flushing is directly related to the apparent solubility. That

is, a larger concentration of the contaminant in the extracted aqueous solution will

result in more mass being removed in a given time period than for a contaminant that

has a relatively smaller flushing-fluid concentration. Thus, it is important to recognize
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that while more-hydrophobic compounds are expected to experience greater solubility

enhancements, more-polar compounds may actually experience greater rates of mass

removal (for similar initial NAPL-phase mole fractions) due to their generally larger

apparent solubilities.

Methods for Evaluation of Remediation Performance

The effectiveness of the complexing-sugar flush (CSF) field experiment for

NAPL removal is evaluated primarily by four methods: (1) comparison of soil-core

contaminant concentrations measured for core samples collected before and after

remediation, (2) comparison of NAPL saturations estimated from partitioning tracer

tests conducted before and after remediation; (3) comparison of ground-water

concentrations measured for samples taken during static (no flow) conditions before

and after remediation; and (4) comparison to a water flush (pump-and-treat analog)

conducted prior to the CSF. Methods 1 through 3 are discussed in this chapter.

Method (4) is discussed in Chapter 8.

A comparison of the soil-core concentrations of the NAPL constituents

measured before and after the CSF gives a direct indication of the capability of

cyclodextrin to remove specific NAPL contaminants. These concentrations reflect the

contaminant mass associated with the aquifer grains, residual water, and the NAPL

phase, with the latter being by far the dominant phase.

The partitioning-tracer method was developed by the oil industry in the early

1970s to evaluate the volume of residual petroleum in oil reservoirs (Cooke, 1971;

Deans, 1971). The method has been used by various researchers to obtain estimates



of NAPL saturation in the field (Tang and Harper, 1991a,b; Tang, 1995; Jim et al.,

1995; Nelson and Brusseau, 1996; Annable et al., 1997). Inter-well partitioning-tracer

tests were conducted in the treatment cell before and after the application of the CSF

(Cain et al., 1997). Partitioning- tracer tests provide an estimation of the bulk NAPL

volume fraction (defined as the volume percent of NAPL per pore volume) in the zone

swept by the injected tracer fluid. This method is based on the selective retardation

and chromatographic separation of various tracer pairs (which may include a

conservative tracer) as they travel through the NAPL-contaminated media. The

reduction in NAPL saturation is a direct measure of the overall effectiveness of the CSF

for NAPL removal.

Reductions in ground-water concentrations are often used as indicators of

remediation effectiveness (USAF, 1995). This method of evaluation is problematic

when a NAPL-phase is present because it is difficult to correlate removal of the NAPL-

(the source of contamination) with changes in ground-water concentrations.

Nonetheless, the results may provide insight to remediation effectiveness and are

presented as an indication of ground-water decontamination within the treatment cell.

Results And Discussion

Cyclodextrin Transport. The three-well, flux-averaged cyclodextrin

concentrations in the combined extraction-well effluent during the CSF are shown in

Figure 6.1. The aqueous cyclodextrin-concentration data for all three wells are included

in Appendix C. Calculation of the total cyclodextrin mass under the elution curves for
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the three extraction wells indicate that 100.4% ± 5% of the injected cyclodextrin mass

was recovered. The 5 'Yo uncertainty is based on the analytical uncertainty of the

cyclodextrin measurements combined with the average uncertainty in the flow

measurements. The efficient recovery of cyclodextrin is not surprising because the

fluid flow during the experiment was contained in a hydraulically isolated cell. For this

reason, the flow regime is expected to more closely resemble one-dimensional flow

than in typical field-scale scenarios. However, physical and chemical (NAPL)

heterogeneity exists within the cell; thus, strict adherence to one-dimensional flow

should not be expected.

The CSF was conducted at a rate of approximately 0.8 pore volumes per day,

based on cell volume (40 m3), porosity, and volumetric injection rate. Thus, the center

of mass of a conservative-tracer pulse would be expected to arrive at the extraction

wells about 1.25 days for relatively ideal transport conditions. A travel time of 1.2 days

is obtained from a moment analysis of the cyclodextrin breakthrough curve in Figure

6.1. This indicates that the transport of cyclodextrin is not measurably retarded. This

result is consistent with the results obtained from laboratory experiments, which

indicated that hydroxylpropy1-13-cyclodextrin was not sorbed by a variety of porous

media, including glass beads, sand, and clay (Brusseau et al., 1994; Hu and Brusseau,

1995). The conservative nature of cyclodextrin was also verified with the results of

tracer experiments conducted within another treatment cell at the site (Blanford et al.,

1998; Brusseau et al., 1998b) that is located about 25 m from cell 4. In this tracer

experiment, the transport of cyclodextrin was observed to be similar to that of
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pentafluorobenzoate (PFBA), a widely used nonreactive tracer, for the same-sized

input pulse.

Bromide tracer tests were performed before and after the CSF, concurrent with

the partitioning tracer tests (Cain et al., 1997). These tests were more similar to "pulse"

injections than to the continuous injection performed for the CSF (about 0.3 pore

volumes of bromide solution were injected, followed by bromide-free water). The

bromide solution probably experienced somewhat different average hydrodynamic

conditions than those present during the CSF (due to the differences in NAPL

saturation, for example). However, the results for these tests can also give an

indication as to whether the cyclodextrin behaved conservatively. The travel times for

bromide during the pre- and post-partitioning tracer tests were 1.27 and 1.37,

respectively. The post-CSF travel time for bromide is probably longer because of the

increased porosity due to the NAPL-phase reduction induced by the CSF. The bromide

travel times are similar to, but slightly greater than, those for cyclodextrin. This may be

due to cyclodextrin experiencing less diffusion-limited transport because of its larger

size. These results indicate that transport of cyclodextrin was conservative

(experienced no retardation or mass loss) during the CSF experiment.

The elution portion of the cyclodextrin breakthrough curve exhibits greater

spreading (or tailing) compared to the arrival front. Theoretically, for conservative

transport affected by heterogeneities, as well as for non-conservative reversible

processes, one would expect tailing or smearing of a "continuos" input (such as

occurred for the CSF) to be similar for the arrival and elution portions of the

concentration-vs.-time curves. However, tailing has been noted at various field sites,
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even for accepted conservative tracers such as bromide (Mark Brusseau, The

University of Arizona, personal communication, 1997). One possible physical cause of

such tailing is the slow diffusion of cyclodextrin into low-permeable zones (such as clay

and silt), that are known to exist in the area. As a conservative-tracer fluid passes a

clay zone, most of the flow is routed around the low-permeability region. Thus,

transport of tracer into the clay zone is primarily a diffusive process into the zone.

Once the tracer pulse has passed the zone, the concentration gradient drives the tracer

back into the relatively tracer-free fluid. However, if diffusion throughout the clay zone

is not complete, there may also exist a concentration gradient inward toward the tracer-

free portions of the clay, as well as outward into the flushing fluid. This phenomenon

could cause excessive tailing at the elution portion of the breakthrough curve.

Aqueous-Phase Contaminant Elution. Integrated elution curves for selected

contaminants, obtained by flux-averaging the target-contaminant concentrations for the

three extraction wells at each sampling episode, are presented in Figure 6.2. All the

samples were analyzed for aqueous concentrations for E52. However, based on these

results, it was determined that analysis of every-other episode for wells E51 and E53

would provide satisfactory results. Thus, to obtain the flux-averaged concentrations

shown in Figure 6.2, individual well data were averaged at the sample-collection times

for which samples were analyzed for E51 and E53. For episodes wherein

concentration data was not available at one of the three extraction wells, a

concentration value for that well was obtained by averaging the two concentrations

measured for samples collected just prior and just after the episode with the missing

data point. If concentration data did not exist for more than one well in an episode,
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FIGURE 6.2 (a). Flux-averaged extraction-well concentrations during the Complexing-
Sugar Rush for ICE and DCB.
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FIGURE 6.2 (b). Flux-averaged extraction-well concentrations during the Complexing-
Sugar Flush for TOL and EB.
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FIGURE 6.2 (e). Flux-averaged extraction-well concentrations during the Complexing-
Sugar Flush for DEC and UND.
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then that episode was not used to calculate the flux-averaged data. In this procedure,

measurements that were less than the analytical detection limit were assumed to be

equal to zero. Raw contaminant-concentration data for the cyclodextrin flush may be

found in Appendix D.

The cyclodextrin solution increased the aqueous concentrations of all the target

contaminants to values from about 100 to more than 20,000 times the concentrations

obtained during the water flush conducted immediately prior to the CSF. For most

contaminants, the effluent concentrations experienced a large, initial increase followed

by a decrease to a somewhat constant value. These asymptotic concentrations

indicate that the NAPL-phase contaminant was not completely removed at the end of

the CSF. However, the solubility enhancements were still quite large for all

contaminants after the asymptotic concentrations were reached, indicating that mass

removal was still being enhanced by the CSF.

The initial concentration increase for all contaminants occurred simultaneously

with the arrival of the maximum cyclodextrin concentration, as expected. The cause of

the sharp decrease in concentration for the TCE curve after achieving maximum

cyclodextrin concentration is unknown. However, it is plausible that rapid solubilization

of a small, high-concentration zone of TCE near one of the extraction wells could cause

such an effect. As will be discussed in more detail in Chapter 7, the concentration

decrease exhibited by most compounds is believed to be due in part to the impact of

decreasing mole fractions on dissolution (according to equation 3.7). The final

decreases in contaminant concentrations to very small values (i.e., after day 11) occur

as the cyclodextrin concentration decreases (see Figure 6.1).
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Enhanced mass removal of NAPL contaminants (compared to water flushing)

occurs during the CSF because of the cyclodextrin-induced solubility enhancement.

The solubility enhancements obtained for individual target contaminants may be

calculated by comparing the aqueous contaminant concentrations measured

immediately after the maximum cyclodextrin concentrations were attained to those

measured in a water flush conducted before the CSF. The CSF and the final stage of

the water flush were conducted under nearly identical contaminant-distribution and

hydrodynamic conditions, including a constant flow regime and constant water-table

levels. There was no interruption of flow between the final stage of the water flush and

the cyclodextrin flush; thus, observed increases in contaminant concentrations can be

attributed solely to the impact of the cyclodextrin solution. The solubility enhancements

for extraction well 52 are presented because the concentrations of several

contaminants in the effluents of extraction wells 51 and 53 were below method

detection limits during the water flush. Thus, the field concentration enhancements

listed in the table are actual minimum values for most contaminants. By using only

E52, trends between the concentration enhancements and the physicochemical

properties of the contaminants are more meaningful because the enhancements are

the actual values for all contaminants except DEC and UND.

Aqueous concentrations for DEC and UND were below method detection limits

for all samples collected during the water flush. Thus, the water-flush concentrations

for these contaminants were estimated by multiplying the solubilities (Table 6.1) by

estimated mole fractions. A complete discussion of the mole fraction (X N ; ) value
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calculations is delayed until chapter 7, wherein these values are more integral to the

results and discussion of the mass-transfer characteristics of all the contaminants.

TABLE 6.1 Aqueous Concentrations, Mass Removed, and Cyclodextrin-Induced
Solubility Enhancements in Center Extraction-Well Effluent for Target
Contaminants

Log

Kow a

a Aqueous

Solubilities

(mg/L)

Final

Water-Flush

b Concs.

(mg/L)

Initial

CSF Concs.

(mg/L)

g Solubility

Enhancement

Mass

Removed

(grams) i

UND 7.05c 0.014 c 0.0005 a 14.6 25500' 303

DEC 6.69 0.020 0.0002 d 1.2 6890 i 61

TMB e 3.78 57 0.0046 4.2 989 204

p-XYL 3.10 170 0.0083 7.1 899 385

DCB 3.40 137 0.325 160.3 493 5346

EB 3.13 150 0.0086 2.6 309 105

TCE 2.53 1100 0.1850 47.6 264 963

o-XYL 2.95 152 0.0144 3.3 236 135

NAP 3.36 110 f 0.0715 10.9 148 404

TOL 2.65 550 0.2437 22.6 93 1027

BENZ 2.13 1790 0.2002 h h h

TCA 2.47 4500 1.0006 h h h

a. Representative value from literature (Montgomery and Welkom, 1989; Montgomery, 1991).
b. Average for last 3 days of water flush
c. Values for UND were obtained by averaging literature values (Montgomery, 1991) for DEC and n-

Dodecane
d. Estimated from listed solubility and calculated mole fractions as explained in text.
e. 1,2,4 TMB
f. Super-cooled liquid solubility used for solid organic chemical in liquid phase.
g. Enhancement determined from initial CSF conc. / final water-flush conc. in E52 only (see text).
h. Not reported due to analytical difficulties (as described in text).
I.	 Conservative estimate based on calculated XNi and SAi (value is larger than detection limit).
j.	 Calculated by integrating under extraction-well contaminant elution curves; total for E51, E52, E53.
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Inspection of Table 6.1 indicates that the more-hydrophobic compounds (as indicated

by low solubility and high log Kow values) generally experienced a greater solubility

enhancement. Indeed, the enhancement values appear to be linearly correlated to log

Kow values (R2 = 0.72). This field-observed phenomena is consistent with the

laboratory results reported in chapter 4, where a strong positive correlation was shown

to exist between equilibrium solubility enhancement determined from batch solubility

experiments and Log Kow values. As discussed previously, greater solubility

enhancements for more-hydrophobic compounds are generally expected for all

solubilization agents (Rao et al., 1990; Shiau et al., 1994; Augustijn et al., 1994;

Sabatini et al., 1997).

Remediation Performance: Soil-Phase Contaminant Removal. The average

target contaminant concentrations (mass of contaminant per mass of dry soil) for all

subsamples collected in the remediated zone for both the pre-remediation sampling

episode and the post-remediation episode are shown in Table 6.2. Soil-core samples

were taken throughout the saturated and unsaturated zones, but only those samples

that were determined to originate from the remediated zone were used to determine the

target-contaminant concentrations for this research. Core-sample collection

methodology was described in chapter 5. When 100% of the 122-cm core was

recovered, the subsurface location represented by a particular soil subsample is known

for each collection interval. For most core sections, less than 100% of the core section

was recovered from the subsurface, particularly during the post-remediation coring

evolution. Under these circumstances, it is difficult to ascertain what portion of the core

section (i.e., what subsurface depth) the soil subsample exactly represents. This
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analysis is complicated by the fact that about 0.6 m of soil was added to the treatment-

cell surface after pre-remediation soil cores were collected, but before the CSF test.

This added soil was observed to have been compacted by about 0.2 m prior to the CSF

test. Thus, pre-remediation soil-core collection depths were corrected to account for

this added soil.

TABLE 6.2 Average Soil-Core Concentrations (C s) and Statistics for Target
Contaminants

Initial

Cs

(.1g/g)

Std.

Dey,

(SD)

(p.gig)

a CV

95%

b Confidence

Interval (±)

(% of mean)

Final

Cs

(ug/g)

Std.

Dey,

(SD)

(j.ig/g)

a CV

95%

b Confidence

Interval (±)

(% of mean)

TCE 14.0 34.1 2.44 65% 1.0 1.6 1.55 73 %

BENZ 0.47 1.05 2.27 61 % 0.05 0.03 0.66 31 %

TOL 33.3 65.6 1.97 53% 6.7 10.3 1.53 72%

DCB 164.0 160.6 0.98 26 % 36.9 49.0 1.33 63 %

TCA 5.3 8.0 1.52 40% 1.2 2.1 1.67 79%

NAP 9.3 7.4 0.80 21 % 2.1 2.8 1.35 64%

EB 4.0 4.4 1.12 30% 0.9 1.3 1.41 66%

m,p-XYL 6.6 7.3 1.11 30% 2.0 2.6 1.27 60%

o-XYL 20.3 22.6 1.11 30% 6.1 8.0 1.30 61 %

TMB c 8.9 6.6 0.74 20 % 5.5 4.6 0.85 40 %

UND 300.0 203.0 0.68 18 % 245 165.5 0.68 32 %

DEC 73.1 55.9 0.77 20% 71.1 51.4 0.72 34%

a. CV (Coefficient of Variation) = SD divided by the average concentration.
b. 95 % Confidence Interval = ± 2 SD / n" where n = number of samples.
c. 1,3,5 TMB
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Soil depths deeper than 5.6 m (18.5 ft) and shallower than 8.1 meters (26.5 ft)

are considered to be within the remediated zone for this analysis. For core sections

which contained soil from either the bottom clay layer or vadose zone, the uncertainty

in core-sample location was subjectively considered when deciding which portions of

the core originated in the remediation zone. Soil subsamples were taken at equal

intervals from the recovered portion of the core sections. The soil-core designations,

collection depths (given by the midpoint of the 122-cm cored section), and

concentrations are tabulated in Appendix E.

It is possible that some soil concentrations measured for soil samples collected

at depths near these boundaries (and assumed to be within the remediation zone) were

actually outside the remediation zone in some portions of the treatment cell (due to

non-uniform boundary surfaces), or during certain time periods of the CSF test (due to

water-table fluctuation). Potential discrepancies of this nature would be expected to

effect the post-remediation average soil concentrations more significantly than the pre-

remediation average concentrations because soil outside the CSF-swept zone are not

representative of the reduced, post-remediation concentrations inside the remediated

zone, but are instead more representative of pre-remediation conditions. Thus,

including samples outside the remediation zone may severely bias the calculation of

average concentrations (increase the concentrations) for the post-remediation analysis.

Fortunately, the depths at which soil-samples were collected after remediation in

relation to the CSF remediation zone are well known (to within the accuracy of the

drilling equipment depth-measuring device). For pre-remediation conditions, the soil

concentrations just below and above the remediation zone were similar to
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concentrations of remediated soil adjacent to these locations. Thus, considering the

large number of samples collected, the uncertainty in the soil surface location (and

therefore the sample-collection depths) should not have a large impact on the

calculated average pre-remediation soil-core concentrations. For the post-remediation

soil-coring episode (see Appendix E), two samples were purposely taken from just

above the remediation-zone boundary with an original purpose of gaining an additional

measure of remediation effectiveness near the water-table surface by comparing

unmediated soil above the flushing zone to remediated soil just below and within the

flushing zone. However, because free-phase light NAPL from below the water table

may have been smeared throughout this zone during water-table fluctuations which

occurred during the CSF test, and because only two samples were analyzed, this

measure is not thought to be a good indication of NAPL removal within the treatment

cell, although the results would indicate a large mass removal.

The standard deviations, coefficients of variation (CV), and 95% confidence

limits for the mean soil concentrations are also listed in Table 6.2. These values

indicate that the soil-core concentrations are quite variable. The bulk NAPL at the site

originates from several sources (waste jet fuel, waste gasoline, spent solvents, etc.)

that were disposed of separately. Additionally, the NAPL contamination at the site was

introduced in a spatially non-uniform manner at various times over a period of at least

20 years. Thus, the NAPL-contaminant distributions are not expected to be spatially

uniform (see Figures 6.3 and 6.4). Given this information, it is expected that the

variation in the soil-core concentration data is mainly due to spatial variability, and not

due to analytical or sampling error.
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FIGURE 6.3 (a). Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) prior to remediation for TOE and DCB.
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FIGURE 6.3 (b). Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) prior to remediation for TOL and p-XYL.
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FIGURE 6.3 (c). Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) prior to remediation for TMB and DEC.
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FIGURE 6.4 (a). Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) after remediation for TOE and DCB.
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FIGURE 6.4 (b) . Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) after remediation for TOL and p-XYL.
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FIGURE 6.4 (c) . Estimated spatial distribution of soil-phase concentrations (ug
contaminant/g soil) after remediation for TMB and DEC.
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For example, even if the computed mean soil concentrations based on the

measured values exactly represented the population (true) averages for the target

contaminants within the treatment zone, the standard deviations could still be quite

large due to spatial variability. NAPL distributions in soil are highly dependent on soil

properties, particularly grain-size distribution and hydraulic conductivity (Powers et al.

1994; Mayers and Miller, 1996). Thus, assuming that the soil-concentration data have

small analytical and measurement error, one might expect soil concentrations in NAPL-

contaminated soil to have similar statistical properties as those of soil parameters.

The coefficient-of-variation values of the soil-core concentrations are in the

range of those expected for common soil properties that are also dependent on grain-

size distribution and hydraulic conductivity. The coefficient-of-variation values are

slightly larger than those associated with vadose-zone water content, similar to those of

natural (background) solute concentrations, and significantly smaller than those typical

for hydraulic conductivity (Jury et al. 1991; Warrick, 1997). Thus, the relatively large

coefficient-of-variation values and confidence intervals presented in Table 6.2 are

attributed to a large degree of spatial variability, and not to data uncertainty. Use of

these statistical parameters to characterize the degree of spatial variability in soil

properties is a common practice (Jury et al. 1991; lsaaks and Srivastava, 1989).

Nonetheless, the confidence intervals presented in Table 6.2 provide some indication of

the probability that the true average soil concentration falls within a given range of the

calculated mean.

Coefficient-of-variation values are often used to compare the variation of

different populations (Jury et al. 1991; Pagano and Gauvreau, 1993). The coefficient-
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of-variation values for the pre-remediation and post-remediation soil concentrations are

generally similar. The average of all coefficient-of-variation values is 119% for the pre-

remediation samples, and 129% for the post-remediation samples. The similarity in

these numbers may indicate that the measured average pre-remediation and post-

remediation concentrations are similarly representative of the true averages.

It is important to realize that calculation of the confidence interval is valid only

for populations that are normally distributed. The type of frequency distribution

exhibited for a sample population may be qualitatively determined using fractile

diagrams (Hald, 1952; Jury et al. 1991). In this method, the theoretical probability of an

assumed distribution is plotted versus the sample probability. The sample probability of

a given value is defined by (J-1)/N, where J is the rank of the value among the sample

set, and N is the number of samples. Expressions for the theoretical probability of

various distributions are functions of the sample mean and sample variance.

Functional approximations for several types of distributions (including normal and log-

normal) may be found in Abramowitz and Stegun (1970).

Fractile plots are shown in Figure 6.5 for four target contaminants chosen to

represent the range of concentrations and contaminant types for all the target

compounds. Theoretically, if a distribution is normal (log-normal), then the calculated

normal (log-normal) probabilities will plot along the line of unity slope. By inspection, it

appears that the data for TCE, and perhaps for EB, is better represented by a log-

normal distribution. It is difficult to judge which is the more-appropriate distribution for

DCB and UND. Based on this analysis, the use of traditional (normal distribution

based) statistics may not be appropriate for analysis soil-core concentrations.
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According to the "central-limit theorem", for a non-normal sample population, the

distribution of the mean will approach a normal distribution only in the limit of a large

sample size. For a non-normal population, or for a "small" sample size such as for the

soil-core samples, there is no exact procedure for generating confidence limits for the

mean of a set of samples (Jury et al. 1991). In practice, the equation for confidence

interval listed in the footnote of Table 6.2 is assumed to hold for arbitrary distributions.

The average soil-core concentrations were determined arithmetically. For some

log-normally distributed sample sets, the geometric mean or harmonic mean is

considered to be a more-appropriate measure of the average value. However, this

consideration is based on the nature of the averaged property, and not the population

distribution. For example, hydraulic conductivity and soil strengths do not average

arithmetically, while grades and concentrations do average arithmetically (lsaaks and

Srivastava, 1989). Under conditions of severe spatial variability, it can be difficult to

capture the true population mean using any averaging procedure (Isaaks and

Srivastava, 1989).

Analysis of soil cores for contaminant concentrations provides a direct measure

of the mass of specific NAPL contaminants removed from the treatment cell. Figure 6.3

shows the estimated soil-phase concentrations for selected contaminants at various

depths within the treatment cell before remediation, and Figure 6.4 depicts the

estimated soil-phase concentrations after remediation. The estimated values are

based on inverse-distance interpolation of the measured soil-phase concentrations.

This figure illustrates the complexity of the initial NAPL distributions, as well as the

effectiveness of the CSF for removing NAPL constituents. The other contaminants
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exhibit equally complex distributions. Most have similar distributions at deeper

locations, but the NAPL distribution closer to the water table varies considerably among

contaminants. However, while the contaminant distribution was quite complex for all

contaminants, the CSF was effective at removing most contaminants from the

treatment zone.

The total mass of each contaminant in the treatment-zone soil can be estimated

from the soil-phase concentrations and values for effective volume and average bulk

density for the cell. However, this estimate is subject to the uncertainty of the assumed

treatment volume (40 m3), as well as sampling and analytical error associated with the

core samples, and the degree to which the soil-core concentrations represent the

actual contaminant distributions. The relative mass removal (or percent removal) for a

contaminant, however, which is defined as the mass removed divided by the initial

mass, can be calculated directly from the average soil-phase concentrations without the

uncertainty associated with the assumed treatment volume (the volume cancels in the

ratio). The masses removed and relative mass removals for each target contaminant

are presented in Table 6.3.

The CSF appears to have been very effective in reducing soil-phase mass for

most of the target contaminants during the 8 pore-volume flush. For example, the soil-

phase mass of TCE is reduced by more than 90%. The masses of the other targets

were reduced by more than 70% with the exception of TMB, DEC, and UND, which are

the most hydrophobic target contaminants. While these compounds exhibited the

largest solubility enhancements of the target contaminants, the relative reductions in

soil-phase mass for these contaminants are comparatively small. Generally, however,
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the CSF produced a substantial decrease in the soil-phase concentrations for most

target contaminants.

TABLE 6.3 Soil-Core Mass Removal for Target Contaminants

Compound

Initial

Soil Conc.

(gg/g)

Final

Soil Conc.

(gg/g)

Initial

Contaminant

Mass a

(grams)

Mass a

Removed

(Soil Phase)

(grams)

% Removed b

TCE 14.0 1.0 1130 1042 93

BENZ 0.47 0.05 40 34 93

TOL 33.3 6.7 2680 2145 80

DCB 164.0 36.9 13220 10244 78

TCA 5.3 1.2 430 328 77

NAP 9.3 2.1 750 583 77

EB 4.0 0.9 320 247 77

m,p-XYL 6.6 2.0 530 369 70

o-XYL 20.3 6.1 1630 1138 70

TMB c 8.9 5.5 720 278 39

UND 300 245 24040 4415 18

DEC 73.1 71.1 5890 161 3

a. Calculated from soil-phase concentrations and treatment volume of soil (40 m)
b. Calculated using initial soil-phase concentration minus final soil-phase concentrations, divided by

initial concentrations.
C. 1,3,5 TMB
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As discussed previously, a large solubility enhancement for a given compound

will not necessarily result in a large relative mass removal, especially for systems

contaminated with complex NAPL mixtures. This phenomenon is clearly shown by

comparing the measured solubility enhancements (Table 6.1) to the aqueous-phase

and soil-core mass-removed values reported in Tables 6.1 and 6.3, respectively. The

amount of mass removed is a function of the contaminant concentration in the fluid

extracted during flushing. The contaminant concentration is directly proportional to the

contaminant's apparent solubility (solubility enhancement multiplied by the aqueous

solubility) and NAPL-phase mole fraction (Chapter 3). Thus, contaminants with higher

apparent solubility and higher initial mole fraction would be expected to exhibit the

greatest mass removal, at least initially. However, the mass-removal percentage is

based on the mass removed and the initial mass present. The initial mass is directly

related to the initial NAPL-phase mole fraction for a given NAPL saturation. Therefore,

with regard to relative mass removal, the impact of an initially larger (or smaller) mole

fraction on the flushing-fluid concentration is mitigated by the larger (or smaller) initial

mass associated with the larger (or smaller) initial mole fraction. Thus, the mass-

removal percentage values depends primarily on the apparent solubility. While the

mole fraction of a given contaminant will change during flushing, this effect is far less

significant than the effect of apparent solubility and flushing duration.

For the 12 target contaminants in this study, the more-hydrophobic compounds

tend to have lower apparent solubilities, despite their larger relative solubility

enhancements. Thus, they experience smaller reductions of their initial mass during

the CSF. This behavior reflects the fact that the CSF was conducted for only 8 pore
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volumes, which was insufficient to produce a large reduction of mass for the more-

hydrophobic compounds under the existing conditions. If the CSF had been conducted

for a longer period of time, the mass-removal percentages for the more-hydrophobic

compounds would have been similar to those obtained for the less-hydrophobic

compounds. Clearly, these relationships can become quite complex for a NAPL

mixture comprised of many components, all with different mole fractions, aqueous

solubilities, and degrees of solubility enhancement. For NAPL mixtures with different

compositions, the apparent relationship between short-term mass-removal percentage

and hydrophobicity may not exhibit the same trends observed in this study.

It is useful to calculate a weighted-average mass-removal percentage for all the

target contaminants so that an estimate of overall contaminant removal can be made.

In this calculation, the percent reduction in soil-phase mass for each contaminant is

weighted by the initial-mass fraction of each component (soil-phase mass of each

component divided by the total mass of the 12 target contaminants). The uncertainty in

the treatment-zone volume cancels in the calculation of this ratio. This calculation

yields an average soil-phase mass reduction of about 41% for all target contaminants.

Pre-remediation soil-core samples were collected before the pre-CSF water

flushing was conducted. Hence, the mass-removal data presented in Table 6.3

includes the effects of water flushing. However, as shown in Table 6.4, water flushing

removed a relatively small amount of mass compared to that removed by the

cyclodextrin flush for all but the most soluble compounds. Water flushing appeared to

be quite effective at removing TCE, TCA, and TOL for the first few days of the flush, but

extracted concentrations tapered off to relatively low, asymptotic values thereafter, as is
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expected for water flushing of NAPLs (Mackay and Cherry, 1985; USEPA, 1989;

Mercer and Cohen, 1990). The CSF significantly enhanced mass removal for all the

target compounds, including the most soluble ones, even after the water flush had

become virtually ineffective at removing mass for these compounds.

TABLE 6.4 Relative Amounts of Target-Contaminant Mass Removed by the Water
Flush and the Complexing-Sugar Flush (CSF)

Target % Removed by

Water Flush:

(First 11 PV)a

% Removed by

Water Flush:

(Last 8 PV)a

% Removed by CSF

(8 PV)a

TOL 31.0 0.7 69.3

o-XYL 19.1 0.2 80.7

TCE 18.1 1.1 80.8

m,p-XYL 8.3 0.1 91.6

EB 7.1 0.1 92.9

DCB 4.1 0.1 95.8

NAP 2.1 0.2 97.7

TMB c 2.6 <0.1 97.4

DEC <0.01 <0.01 >99.9

UND <0.01 <0.01 >99.9

BENZ b b b

TCA b b b

PV = pore volumes
a. Calculated from total mass removed via extraction wells from aqueous concentration data.
b. Not reported due to analytical difficulties (as described in text).

1,2,4-TMB

Remediation Performance: NAPL Saturation Reduction. A detailed

explanation for the method of analysis of partitioning-tracer tests may be found in the

works referenced earlier in this chapter. Details of the application of the method to this

study is given in Cain et al. (1997). The initial global NAPL saturation for the cell was
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calculated to be 12.6%, based on analysis of the results of the partitioning-tracer test

conducted prior to the CSF. A post-remediation NAPL saturation of 7.0% was obtained

from results of the partitioning-tracer test conducted after the CSF. Thus, the CSF

effected a 44.5% reduction of the global NAPL saturation within the cell during the 8

pore-volume flush. These results indicate that the CSF was effective at reducing the

NAPL volume within the treatment zone, considering the relatively short duration (10

days) of the CSF.

The results obtained from the partitioning-tracer test represent a measure of

mass removal for the entire NAPL phase. Conversely, the results obtained from the

soil core data represent mass removal for individual contaminants. If the behavior of

the 12 target compounds is representative of the composition and behavior of the

NAPL mixture during the CSF, the two measures of mass removal should be

consistent. The mass removal determined with the partitioning-tracer tests, 44%, is

very similar to the weighted-mean mass removal of 41% determined from the soil-core

data. This consistency indicates that the 12 target contaminants were representative of

the NAPL phase. Furthermore, the excellent correspondence between two

independent measures of mass removed suggests that the results obtained from the

CSF test are robust.

Aqueous-Phase and Soil-Core Mass Balance. Ideally, the amount of mass

removed from the extraction-well effluent (Table 6.1), should be equal to that removed

from the soil-phase (Table 6.3). Mass-removed values obtained with the two methods

are similar (within a factor of about two) for most compounds (Table 6.5). However, a

few compounds show a significant variation in this regard. The likely cause for the
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discrepancies is that the two sets of calculations are subject to two different sets of

uncertainties. Thus, direct comparison of the values obtained from the two mass-

removed calculation methods may be problematic. The soil phase concentrations are

subject to spatial-variability uncertainty, as well as to analytical and sampling-related

uncertainty. The aqueous-phase mass removed values are subject primarily to

analytical and sampling-related uncertainty.

TABLE 6.5 Comparison of Mass Removed Values Computed from Soil-Core Data
With Values Computed from Extraction-Well-Concentration-Data

Target Ratio of Aqueous-Phase Mass removed via

Extraction-well to Mass Removed Based on Soil Core

Concentrations

m.p-XYL 1.04

TCE 0.92

TMB 0.73

NAP 0.69

DCB 0.52

TOL 0.48

EB 0.43

DEC 0.38

o-XYL 0.12

UND 0.07

BENZ a

TCA a

a. Aqueous-phase concentrations for CSF samples not reliable, as discussed Chapter 5.

For example, many cobble and gravels were too large to be collected in the

vials that were used for soil sub-sampling. However these materials were prevalent at

the site, and contributed to the overall bulk density, even though the contaminant
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concentrations within these large grains were essentially zero. Thus, the actual soil

mass in the assumed treatment volume is likely to be larger than calculated due to the

omission of these large grains in the soil-core samples. Note this effect would have no

impact on the calculated removal percentages (Table 6.3) because the error induced by

omitting the large grains should be similar for the pre-remediation and post-remediation

sampling episodes.

The comparison is not entirely appropriate for TMB because because 1,3,5-

TMB was analyzed for in the soil samples, while 1,2,4-TMB concentrations were

measured in aqueous samples. According to the data compiled by Smith et al. (1981),

the JP-4 mass fraction of 1,2,4-TMB is 2.4 times greater than that of 1,3,5-TMB. Thus,

one may expect that the soil-core concentrations of 1,2,4-TMB to be about twice those

of 1,3,5 TMB. If this were true, then the ratio listed in Table 6.5 to be about 0.4 for

1,2,4-TMB. However, there may be other jet-fuel brands that have different mass-

fraction ratios for these two components. In addition, the two compounds have different

solubilities and vapor pressures, and thus may have experienced different rates of

mass loss during the time that elapsed between disposal and the present. Thus, the

current in situ mass-fraction ratio of these two contaminants cannot be determined with

certainty without chemical analyses.

Considering the coefficient-of-variation values listed in Table 6.2 for the average

soil-core concentrations (which are a measure of soil-concentration spatial variability),

and considering the difficulties associated with sample collection and analysis at such a

physically and chemically complex field site, the factor-of-three agreement between the

two methods for most of the targets shows conservation of mass.
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Remediation Effectiveness: Static Ground-Water Concentrations. Ground-

water samples collected from monitoring wells are often analyzed for contaminant

concentrations to provide an indication of the effectiveness of a remediation system.

However, these samples may not provide a valid interpretation of NAPL removal

effectiveness. For example, for a single-component NAPL, the equilibrium ground

water concentration will remain at the aqueous solubility limit, regardless of the

reduction in NAPL volume. Nonetheless, analysis of such results may still provide

useful insights and will be discussed.

Samples were taken from all fluid-producing multilevel-sampler points located at

5.7 m, 6.9 m, and 8.1 m below ground surface, and from selected 6.3 m-deep

multilevel-sampler points when samples could not be drawn from the 5.7 m-deep

multilevel-sampler points. Thirty-seven pre-remediation ground water samples were

collected prior to the CSF. The ground-water level in the treatment cell had been static

for several weeks prior to collection of these samples. The 37 post-remediation

samples were collected approximately three days after stopping flow at the end of the

post-partitioning tracer test.

The average aqueous concentrations for the target contaminants in the samples

collected at the various multilevel-sampler depths are reported in Table 6.6. During the

CSF test, some of the sampling points at the 5.7 m depth became inoperable, thus

there are fewer post-remediation samples at this depth. The initial (and final) ground-

water concentrations are well below the single-component solubilities, which is to be

expected for a multicomponent NAPL. In general, the higher solubility compounds with

relatively higher initial soil-phase concentrations have larger concentrations, as
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expected. Additionally, the 5.7m-level locations show higher aqueous concentrations,

which is also expected given that the soil phase concentrations (and thus NAPL-phase

mole fractions) are generally higher at this level (see Figure 6.3).

TABLE 6.6 Average Static Ground-Water Contaminant Concentrations (mg/L)
Measured Before and After Flushing

Pre - Flush Post - Flush

5.67m

(BGS)a

6.89m

(BGS)b

8.11 m

(BGS)C

d All

Sample

s

5.67m

(BGS)a

6.89m

(BGS)b

8.11 m

(BGS)b

d Aii

Samples

TCA 4.175 1.677 0.168 1.887 3.183 0.089 0.007 0.653

TOL 3.247 1.440 1.011 1.824 3.229 0.002 0.006 0.678

DCB 2.174 0.808 0.230 1.023 6.551 0.077 0.048 1.366

mp-Xyl 1.388 0.679 0.368 0.775 0.388 0.002 0.001 0.084

TCE 1.892 0.244 0.201 0.729 0.002 0.005 0.002 0.003

NAP 0.200 0.071 0.073 0.115 0.255 0.011 0.012 0.063

EB 0.064 0.028 0.107 0.065 0.175 0.001 0.001 0.034

o-Xyl 0.082 0.048 0.013 0.045 0.235 0.006 0.001 0.055

BENZ 0.061 0.008 0.022 0.028 0.365 0.007 0.001 0.073

TMB ' 0.028 0.017 0.012 0.018 0.144 0.001 0.001 0.033

a. 11 samples
	 e. 7 samples

	
I. 1,2,4 TMB

b. 12 samples
	

f. 11 samples
c. 12 samples
	 g. 11 samples

d. 37 samples
	

h. 37 samples
BGS = below ground surface
DEC & UND were below analytical detection limits in aqueous samples and are not reported.
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As a result of the CSF, the aqueous concentrations are significantly reduced at

the lower two multilevel-sampler depths, which are at the vertical center and at the

bottom of the remediation zone. The ground water concentrations indicate a 84% to

99% reduction in the initial concentrations at 6.9 m below ground surface, and a 79% to

99% concentration reduction at the deeper depth. These reductions are generally

greater than the reductions in soil-phase concentrations. The reduction in

concentration also indicates that cyclodextrin concentration is negligible in the soil

water at the time of these samples. Otherwise, the concentrations of these

contaminants would be enhanced.

The reductions at the 5.7 m (below ground surface) depth are not as

pronounced, which is consistent with the higher post-remediation soil-phase

concentrations at the shallower depths (Figure 6.3). This result is also consistent with

the operation history of the CSF and related events. The water table was maintained at

about 5.5 m below ground surface during the CSF, but water-level fluctuations of up to

0.5 m occurred during the experiment. Thus, soil within the sampling influence of the

5.7m-deep samplers may not have been in contact with the flushing solution during the

entire CSF, limiting the extent of remediation. More importantly, fluctuations of the

water table during water-flushing and the PU, which were conducted during the period

between the CSF and the post-remediation static ground water sampling episode, may

have resulted in contamination of the upper portion of the CSF-remediated zone by

NAPL from the unremediated zone.

The average of all samples (including those from the 6.3 m level) show an

increase in the ground water concentrations for 3 of the 11 targets. However, this is
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due to the effect of the 5.7m-level concentration values. That is, since these samples

were generally larger that those at the deeper depths, and did not show a concentration

reduction because of the reasons listed above, they bias the overall average. Table 6.6

also shows the average static ground water concentrations for each contaminant in the

remediated zone. Again, most contaminants show a greater reduction than that

exhibited in soil-phase concentrations. However, because the soil-phase

concentrations are a direct measure of the in-situ contaminant mass, these results

indicate that changes in ground water concentrations are a poor indicator of the

reduction in NAPL mass.

Solubilization Versus Mobilization. The mechanism of NAPL removal must

be ascertained to ensure that a complete assessment of performance is made. In

particular, it should be determined whether mobilization/emulsification or solubilization

is responsible for the large enhancement in aqueous concentrations observed during

the CSF. NAPL mobilization can cause apparent aqueous concentrations to be greater

than that achieved with solubilization (Sabatini et al., 1996; Fortin et al., 1997). Based

on traditional analysis for mobilization criteria (Lake, 1989, discussed in Chapter 2)

conducted before the CSF, mobilization was not expected.

Laboratory measurements of interfacial tension (Chapter 4) indicated that a

10wV/0 hydroxypropy1-8-cyclodextrin solution reduced the NAPL-water interfacial

tension from 37 dynes/cm to about 15 dyne/cm for NAPL collected near the treatment

area at Hill AFB. The measured viscosity and density (Chapter 4) were similar to

water, 1.023 kg/L and 1.15 Cp respectively. Using these values, and a calculated

water velocity of 0.004 cm/sec, results in a capillary number (Ne) less than 2 x10 -6 for
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the CSF (see Chapter 2 for details on this calculation method), which is not associated

with mobilization (Lake, 1989; Dawson and Roberts, 1997). Although the fluid velocity

likely experienced large variations on the pore scale during the field experiment, this

value would indicate that mobilization of NAPL probably did not occur during the CSF.

However, for typical soil, the results of Dawson and Roberts (1997) indicate that some

degree of NAPL mobilization is likely to occur in certain locations due to even a slight

reduction in interfacial tension

Mobilized NAPL blobs (macroemulsions) were not detected in aqueous CSF

field samples, and cyclodextrin does not reduce the interfacial tension to a value small

enough to cause formation of microemulsions (Chapter 4). Additionally, the CSF

concentrations are well below the single-component enhanced solubilities (i.e.,

apparent solubilities in a 10wt% cyclodextrin solution). If pure-phase NAPL globules (in

the form of microemulsions or macroemulsions) had been present in the samples,

some of these samples would likely have yielded very high concentrations. Finally, if

mobilization had occurred, the NAPL removal would have been expected to be more

uniform among the target contaminants.

While the effect of cyclodextrin on NAPL-water interfacial tension at the test site

is unknown, the above results suggest that interfacial tension changes would not be

large enough to cause significant mobilization. Thus, enhanced solubilization is

deemed responsible for the large aqueous concentration enhancements observed

during the CSF.

Summary. Considering the well-documented limitations of pump and treat, and

the short duration of this field experiment, this research indicates that cyclodextrins
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show promise for remediation of NAPL contamination. Interestingly, cyclodextrin

effected larger relative mass removals for the chlorinated compounds, which are

generally more toxic (Merck & Co., 1989). TCE is the contaminant that is of most

concern to Hill AFB (John Ginn, USAF, personal communication, 1996). Additionally,

alkanes such as DEC and UND are readily degraded under aerobic conditions

(Boulding, 1995), provided sufficient oxygen and nutrients can be supplied in situ.

Conversely, chlorinated hydrocarbons compounds are generally not degraded readily

under aerobic conditions (Raina Miller-Maier, The University of Arizona, personal

communication, 1998). Thus, enhanced-solubility agents may be useful for remediation

of the contaminant(s) of concern within a NAPL mixture, even if they effect a slow

mass-removal rate for other constituents in the NAPL.

The average mass removal calculated from soil-phase concentrations measured

before and after remediation was similar to the NAPL reduction determined from

analysis of partitioning-tracer tests. In addition, independent measures of aqueous-

phase and soil-phase masses removed were similar for most contaminants. The

similarity between these independent measures of NAPL removal suggest that the

results from the CSF test are robust.
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CHAPTER 7. ENHANCED-REMEDIATION FIELD EXPERIMENT:

MASS-TRANSFER PHENOMENA

Objectives

The main objective of the research presented in this chapter is to determine if

data from simple laboratory experiments can be used to predict enhanced-dissolution

behavior during a well-controlled field experiment, and to examine the important

mechanisms controlling mass transfer between a multicomponent NAPL and an

enhanced-solubility flushing agent at the field scale.

Results And Discussion

Contaminant Elution. Integrated elution curves for the target contaminants

were presented in Chapter 6 (Figure 6.2). The contaminant elution curves exhibit an

initial maximum concentration coincident with the arrival of the maximum cyclodextrin

concentration, followed by a gradual decline to a somewhat constant value for most

contaminants. As will be discussed in a forthcoming section, this behavior is believed

to be due primarily to the effect of a decreasing mole fraction on dissolution.

Calculation of NAPL-Phase Mole Fractions for the Target Contaminants.

An estimate of the NAPL-phase mole fractions for the target contaminants must be

obtained prior to attempting a meaningful quantitative analysis of multicomponent NAPL

dissolution (recall Chapter 3). The determination of mole fractions can be very difficult

for complex NAPL mixtures at hazardous-waste sites. For this study, the measured

soil-phase contaminant concentrations, along with other measured or estimated



143

parameters, enable estimation of this important parameter. The mole fractions (XN, )

were calculated for each component from the following mass-balance equation:

XN ; = 10-6 (cisoll pb rvi N xithA
)1 k ivii tr SN pN )	 (7.1)

where C i s61 ( 4-contaminant/g-soil) is the mass of contaminant per mass of soil based

on resident-concentration measurements from pre- or post- remediation soil-core

samples collected from the remediated zone (Table 6.2); Pb ( 2.1 g/cm3) is the average

bulk density of the soil within the cell, M N is the average molar mass of the NAPL at the

site (described below), M i is the molar mass of each target contaminant, n is the

average porosity (20% before remediation, 21% after remediation, see Cain et al.

1997), pN (0.87 kg/L) is the average NAPL density measured for NAPL collected at

various wells near the site (Johnson, 1995; Blanford and Brusseau, 1997) and SN is the

average NAPL saturation calculated from partitioning-tracer tests (see Chapter 6)..

Initial and final values for SN (12.6% and 7.0%, respectively) are cell-wide averages

obtained from the results of partitioning tracer studies conducted prior to and after

flushing (Chapter 6). The factor of 10-6 is used to convert all units to a consistent basis.

A value for MN was estimated based on values measured for similar NAPLs.

The molar mass of jet fuel, the predominant contaminant at the site, is in the range of

approximately 115 to 140 g/mole (Cindy Lee, Clemson University, personal

communication, 1997), with an assumed average of 130 g/mole. Gasoline (BTEX)

components are present at the site but comprise a very small fraction of the NAPL

(USAF, 1995). Chlorinated solvents are also prevalent at the site, and have molecular

weights in the range of 130-150 g/mole. Coal-tar-like NAPL was also observed in

extracted soil cores. Lee et al. (1992a; b) report measured molecular weights from
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about 150 to 230 g/mole for coal tars with a thin-liquid consistency. The NAPL residue

in soil cores collected at the site could also be described as a thin liquid, while a portion

of the NAPL residue remaining after remediation likely has a pitch-like consistency

(Jawitz et al., 1998). Based on this information, it is assumed that the actual molar

mass of the NAPL in the treatment zone varies between 130 and 230 g/mole. A value

of 180 g/mole was chosen to reflect a NAPL assumed to be comprised primarily of fuels

and chlorinated solvents with some coal-tar-like substances. Based on the likely range

of molar mass for the NAPL as described above, it is doubtful that the actual value

differs from the estimated value by more than about 25%. The estimated value for MN is

assumed to have remained unchanged for the duration of the experiment.

The calculated values of X" ; are given in Table 7.1. The uncertainty associated

with these values is due primarily to the uncertainty in the average soil-core

concentrations (Chapter 6) as well as the uncertainty in the estimated average molar

mass. While coefficient-of-variation values and confidence intervals cannot be

determined for the calculated NAPL-phase mole fraction values, the statistics for the

soil-core concentrations (Table 6.2), when considered with the additional uncertainty in

the estimated molar mass values, should give an indication as to the uncertainty

associated with the calculated mole fraction values. As with the soil-core

concentrations, the uncertainty for the NAPL-phase mole fraction values is attributed

primarily to spatial variability.

The initial and final and thus X" ; values, correspond to the measurements

of resident concentrations in core samples collected prior to flushing, and after flushing

was completed, respectively. The XN ; value obtained using the pre-remediation soil-
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core concentrations apply for the start of the water flush. Since the water flush

removed very little mass for most constituents, these X N ; values should also be

representative of conditions at the end of the water flush and start of the CSF. For the

most water-soluble components, the initial measured values for Ci  corrected to

account for the contaminant mass removed by the water flush using the following

procedure.

TABLE 7.1 Comparison of Mole-Fraction (X i N) and Measured Aqueous Contaminant-
Concentration (C m) Changes During Complexing-Sugar Flush (CSF)

Target Pre-CSF
a,b xiN

Post-CSF

a XiN

% Change in

X N
i

% Change in c

Cm

TCE .0015 .0002 -87 -63

BENZ .0001 .00001 -87 -51

TOL .0046 .0022 -66 -50

DCB .0186 .0076 -61 -67

TCA .0007 .0003 -60 -40

NAP .0013 .0005 -61 -50

EB .0006 .0003 -61 -66

o-XYL .0028 .0017 -48 -50

m,p-XYL .0010 .0006 -47 -29

TMB d .0031 .0034 +5 -23

UND .0330 .0510 +40 -18

DEC .0089 .0151 +67 -3

"+" / "2 Indicates an increase/decrease in the value during the experiment
a. Calculated using equation 7.1.
b. Corrected to account for mass removed via the water flush (explained in text).
c. Initial maximum and final average concentrations (determined from arithmetic average of all flux-

averaged concentrations during last day of CSF).
d. Soil concentrations were corrected to obtain values for 1,2,4-TMB as described in text.
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The fraction of total aqueous phase mass removed via the extraction wells

during the water flush was previously determined (recall Table 6.4). It was then

assumed that water flushing accounted for the same percentage of total contaminant

soil-core mass removal . Recall from Chapter 6 that the total mass of each target

contaminant present in the treatment cell before and after remediation, as well as the

contaminant mass removed from the soil during water flushing and the CSF was

calculated from average soil-core concentrations. The contaminant mass subsequently

calculated to have been removed during the water flush was subtracted from the pre-

remediation soil-core contaminant mass. This calculation yields a value for the mass of

each target contaminant that is theoretically equal to that present in the soil at the start

of the CSF. This contaminant mass is converted to soil concentrations, which are in

turn used to calculate mole fractions as described above. Note that this correction can

be accomplished using only soil contaminant concentrations (and not soil contaminant

mass) because the conversion is unchanged at each step of the calculation.

Conceptually, however, the soil-phase mass is required to perform the correction.

The above analysis assumes that the mass of each contaminant in the soil-core

samples resides only in the NAPL-phase. However, the measured C is°11 values are

actually resident concentrations, which also reflect the contaminant mass residing in the

aqueous and soil phases as well. Other researchers (Borden and Piwoni, 1993; Mercer

and Cohen, 1990; Fortin et al., 1997) have assumed that that the mass associated with

the sorbed phase is negligible when a NAPL-phase is present. For this study, the total

contaminant mass in the treatment area may be calculated from C 1s61 values, the

aqueous-phase mass can be calculated from the cell pore volume and the average
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concentrations (C iw ) of static ground water samples collected before and after the

CSF, and the sorbed soil-phase mass may be determined by multiplying the cell

volume by the sorbed-phase concentration (Cod), which is estimated from C is°rbed =

KoC iw, where KD is the soil-aqueous partition coefficient. This relation assumes

equilibrium sorption to provide a conservative (maximum) estimate of the sorbed mass.

However, it is not known whether equilibrium-sorption conditions existed at the site.

Because the ground-water samples were collected after several days of static

conditions, the C iw values are assumed to be at equilibrium. The values for KD were

calculated from the relation KD = KoDfoc (Karickhoff et al., 1979) where Koc is the

partition coefficient of a compound between the organic carbon and water, and foc is the

mass fraction of organic carbon in the soil. Values for Koc were taken from

representative values listed by Montgomery and Welkom (1989) and Montgomery

(1991). For a conservative estimate, the larger of these reported Koc values were

used. Soil organic-carbon content measurements were not obtained for soil within the

treatment cell. However, measurements for values of foc in core samples collected at

several different locations at Hill AFB vary between 0.00053 and 0.0012 (Wiedemeier et

al., 1995). Thus, a value of 0.001 was used for foc to provide a conservatively large

value for sorbed phase contaminant mass. The value used herein is also in the upper

range of values listed by Domenico and Schwartz (1990) for sandy-gravel aquifers. This

analysis indicates that more than 98% of the mass of each target contaminant resides

in the NAPL-phase at this site. For all targets but TCE, TCA, and p-XYL, more than

99.5% of the contaminant mass is estimated to reside in the NAPL phase.
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As stated in Chapters 5 and 6, the jet-fuel mass fraction of 1,2,4 TMB (aqueous-

sample analyte) is about 2.4 times that of 1,3,5 TMB (soil-sample analyte). Thus, so

that dissolution behavior of 1,2,4-TMB could be analyzed, the soil-core concentrations

of 1,2,4 TMB were assumed to be equal to 2.4 times the measured soil-core

concentrations of 1,3„5 TMB. These assumed soil concentrations were used to obtain

mole fraction estimates for 1,2,4 TMB.

Expected Enhanced-Dissolution Behavior. The temporal behavior of

contaminant elution observed during the experiment can be described using enhanced-

dissolution theory. In this field system, dissolution occurs dynamically according to

equations 3.5 and 3.8. The components that have the highest aqueous-phase

concentrations for which dissolution is not rate limited will be dissolved from the NAPL

fastest. For the purposes of discussion, the "solubilization potential" of a contaminant

residing in a NAPL mixture is defined as the ideal equilibrium aqueous-phase

concentration for that contaminant. The solubilization potential thus depends on both

the apparent solubility and the initial NAPL-phase mole fraction of a contaminant

(equation 3.7).

Under equilibrium conditions, the components with the greatest solubilization

potential will show the greatest reduction in NAPL-phase mass, the greatest mole-

fraction reduction, and thus the greatest reduction in concentration with time. The

component DCB, with relatively large values for both the apparent solubility and the

initial NAPL-phase mole fraction, is an excellent example of such a component with a

large solubilization potential, and which behaves as described above (see Figure 6.2).

As the components with the highest solubilization potential disappear from the bulk
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NAPL, the mole fractions increase (or change very little) for the components with

relatively lower solubilization potential, and a concomitant increase (or no change) in

their aqueous concentrations occurs. The component TMB is an example of a low

solubilization-potential contaminant (low apparent solubility, small initial NAPL-phase

mole fraction) (see Figure 6.2). For the particular contaminants in this NAPL mixture,

the apparent solubility is the dominant factor in determining the solubilization potential.

It is important to realize that rate-limited dissolution or significant aqueous-phase

nonidealities for a given contaminant could significantly reduce aqueous

concentrations, even for a component with a large solubilization potential. Conversely,

NAPL-phase nonidealities and certain aqueous-phase nonidealities could increase

aqueous concentrations above that predicted by the solubilization potential.

Characterizing this type of dissolution behavior is difficult for the NAPL mixture

at the site used for this study because the NAPL composition is very complex, and

because the NAPL-aqueous phase system is not necessarily at equilibrium. Thus, the

typical chromatographic separation expected for simple systems with only a few

components (e.g., Bordon and Kao, 1992; Priddle and McQuarrie, 1994) is not

expected. Nonetheless, the change in concentration should be consistent with the

change in NAPL-phase mole fraction (as per equation 3.7) if nonideal effects are

minimal.

As shown in Table 7.1, a change in the NAPL-phase mole fraction appears to

be the dominant factor controlling the elution behavior for most of the target

contaminants. For example, a significant decrease in the mole fraction of DCB (61%)

occurred during the CSF; thus, the aqueous concentrations decline similarly (by 67%).
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Most of the contaminants that exhibited steadily declining concentrations showed a

similar reduction in mole fraction. Conversely, for UND, DEC, and TMB the mole

fractions increase slightly as the components dissolve from the mixture, as may be

expected for these low solubilization-potential compounds. However, the

concentrations for DEC and UND do not exhibit increases similar to that for the mole

fractions. Deviations between NAPL-phase mole-fraction changes and concentration

changes are attributed to nonideal behavior or rate-limited dissolution. Aqueous

concentrations may be higher than expected if NAPL-phase idealities are important,

higher or lower than expected if aqueous phase nonidealities are important, and lower

than expected if dissolution is significantly rate-limited. Potential nonideal effects during

equilibrium dissolution are discussed below. Phenomena attributed to rate-limited

dissolution is discussed in a forthcoming section.

Measured vs. Predicted Contaminant Concentrations. The theory presented

in Chapter 3 for enhanced dissolution may aid in understanding the observed

dissolution behavior for the multiple-component NAPL at this site, and may be useful

for gaining insight into the proper design of enhanced-flushing remediation systems at

other sites. The applicability of the theory to the CSF can be evaluated by comparing

the measured contaminant concentrations to those expected based on the theory

(equations 3.5 through 3.7). The equation for ideal equilibrium enhanced dissolution

(CA* ; in equation 3.7) is used as a starting point to determine if NAPL dissolution within

the pilot-scale field system behaved ideally.

Values for the apparent solubility (E i Sw i) and NAPL-phase mole fraction of each

contaminant are required to calculate the ideal aqueous concentrations using equation
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3.7. Values for apparent solubilities were determined from batch-solubility experiments

using single component NAPLs (Chapter 4). The NAPL-phase mole fractions

(calculated as described previously) are also required for this calculation. Two of the

parameters used to calculate the mole fractions (soil-core contaminant concentrations

and bulk NAPL saturation) are applicable only at the start and end of the CSF. Thus,

the calculated ideal concentrations are applicable only for these times. For

comparison, the initial maximum concentrations measured for the extraction-well

effluent (after cyclodextrin concentrations reached 10wt%), as well as final

concentrations (asymptotic concentrations at the end of the 10wt% CSF flush ) are

considered to be the "actual" concentration. The calculated ideal equilibrium

concentration values, and the comparison of ideal concentrations to measured aqueous

concentrations, for the start and end of the CSF are presented in Table 7.2.

Inspection of the measured concentration to ideal concentration ratios (MIR) in

Table 7.2 reveals that the measured values at the start and end of the CSF are

generally within a factor of about 2 to 3 of the predicted ideal, equilibrium

concentrations. For bench-scale batch equilibrium studies, a factor of two is often used

as the arbitrary criterion for which ideal, equilibrium dissolution is assumed to occur

(Cline et al. 1991; Lee et al. 1992a,b). Considering the typical uncertainties associated

with field-data collection, as well as the analytical difficulties in determining soil and

aqueous phase concentrations of constituents from a very complex mixture, the

measured and expected concentrations are in good agreement. These results indicate

that NAPL dissolution during the CSF may be approximated as an ideal, equilibrium

process for most of the target contaminants. However, nonideal, nonequilibrium
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processes may have influenced the dissolution behavior of some of the target

contaminants, and is discussed below.

TABLE 7.2 Measured (Cm ) vs. Predicted (Cideai) Aqueous Concentrations for
Complexing Sugar Flush (CSF)

Target Solubility
(mg/L)

E1

Start	 CSF End	 CSF

Cideai
MI Rinitial =
Cm/Cideal C ideal

M I Rfinal =
Crn/Cideal

TCE 1155 8 6.5a 13 2.3 1.7 5.4

DCB 137 a 27a 71 2.1 27 1.7

NAP 110 a ' b 30a 4.4 2.1 1.7 2.7

106 8 17aTMB g 5.5 0.7 5.8 0.5

mp-XYL 170c 24 cd 4.4 1.6 2.3 2.0

o-XYL 152 a 16a 8.0 0.4 4.2 0.3

EB 1538 258 2.5 1.1 1.0 0.9

TOL 464a 108 29 0.8 10 0.9

UND 0.015 f 63008 3.3 1.8 4.6 1.1

DEC 0.02 e 8650a 1.5 0.8 2.6 0.5

BENZ 1790 e 3.5d 0.7 h 0.1 h

TCA 4500 e 5.8d 19 h 7.7 h

a. Measured for this work
b. Corrected to give super-cooled liquid solubility (see Lee et al., 1992).
c. Average properties for m- and p-xylene assumed for	 and solubility (Montgomery ref).
d. Obtained from Km vs. Km correlation (10), updated using the values measured here (Chapter 4).
e. Typical value taken from Montgomery references.
f. Average of DEC and dodecane values taken from Montgomery references.
g. Soil concentrations were corrected to obtain values for 1,2,4-TMB as described in text.
h. Not reported due to analytical difficulties reported in the text.

Effect of Mixture-Dependent Nonidealities. In this section, the potential

contributions of the known nonideal factors influencing dissolution are discussed. In

general, these factors will be lumped into two categories: aqueous-phase nonidealities

(which are typically assumed to be negligible for NAPL dissolution into water) and
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nonaqueous-phase nonidealities. Nonidealities cause the ultimate equilibrium

concentration of components to differ from the ideal concentration given by equation 3.7.

As stated earlier, the effect of cyclodextrin molecules on the NAPL-phase activity is

considered to be negligible. Thus, NAPL-phase nonidealities are attributed solely to

interactions between the components in the NAPL mixture. The definition of aqueous-

phase nonidealities is extended in this paper to include aqueous-phase interactions other

than those between cosolutes, such as selective biodegradation of solutes and

competition between contaminants for inclusion into the cyclodextrin cavity. All these

factors affect the equilibrium concentration of the contaminants.

Assuming equilibrium dissolution and negligible data uncertainties, the measured

concentrations are equal to the concentration given by equation 3.5. The ideal

equilibrium concentration, by definition, is given by equation 3.7. The measured-to-ideal-

concentration ratio is defined as the ratio of equation 3.5 to equation 3.7:

Measured-to-Ideal Ratio (MIR) 7Ni (7.2)

The product e i 7N; represents both NAPL- and aqueous- phase nonidealities. A non-unity

measured-to-ideal-concentration ratio for each contaminant thus represents the degree of

deviation from the ideal prediction and are a measure of nonideal dissolution behavior.

Given that there is uncertainty in the data, the exact value of XA; 7N ; is difficult to

determine. However, analysis of measured-to-ideal-concentration ratios among the

contaminants gives considerable insight to the dissolution behavior of the complex NAPL

mixture.

As shown in Table 7.2, among the alkylbenzenes and DCB, the larger, more-

hydrophobic compounds tend to have the larger measured-to-ideal-concentration ratios.
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This indicates that selective enhancement, for these compounds at least, may occur

based on molecular properties related to size and hydrophobicity. Organic molecules

have more affinity for the relatively apolar cyclodextrin cavity if they are of a favorable size

compared to the cavity, and are more hydrophobic (recall Chapter 4). This effect governs

the magnitude of the partition coefficient (Kcw ) of the organic-cyclodextrin complex. Thus,

K, is a measure of a compound's affinity for the cyclodextrin (recall equation 4.1). For

example, the size of the naphthalene molecule is favorable for complexation by

cyclodextrin molecules, which is reflected by it's relatively large Kc.„„ (and thus E i value).

Conversely, the other target alkylbenzenes are generally smaller and, therefore, have a

lower K.

The stability constants and resultant enhancement values (E 1) used in equation

3.7 are based on single-component solubility experiments and, thus, do not include any

effects of competition or synergism that may occur in a multiple-solute system. In a

multiple-solute system, those contaminants with smaller Km, (thus smaller E 1) may be

preferentially displaced from the cyclodextrin cavity by cosolutes with larger K. Thus,

competition between the various alkylbenzenes and other compounds for the cyclodextrin

cavity may cause selective complexation, and thus competitive solubilization. This type of

nonideal dissolution may be thought of as an aqueous-phase nonideality.

It is unlikely that measurement uncertainty alone caused the variation in

measured-to-ideal-concentration ratios, at least among the alkylbenzenes, because a

moderate linear relationship between log Ko, and ei yNi is obtained (Figure 7.1) for a data

set consisting of DCB, TMB, NAP, o-XYL, EB, and TOL. The target contaminant, p-XYL

(sum of m- and p-Xylene measured as p-Xylene in field samples) was not included in the
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correlation because this compound could not be reproduced exactly in the laboratory, and

thus a valid Log 1<c,,„ value could not be measured. When p-XYL is included, the R2

values degrade to 0.65 (start of CSF) and 0.57 (end of CSF).

FIGURE 7.1 Relationship between Log Kc,„, and e i 7N ; for alkylbenzenes and DCB.
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As discussed below, the partitioning of other "smaller" contaminants (e.g., TCE)

may also be adversely affected by cyclodextrin selectivity, but may experience NAPL-

phase nonidealities that mitigate this effect. It is not clear, due to the significant

differences in molecular structure, if UND and DEC should adhere to the trend between

measured-to-ideal-concentration ratio and Kcw exhibited by the benzene-related

compounds.

In general, NAPL-phase non-idealities become important when the component is

considerably dissimilar to the bulk mixture, and when the NAPL-phase mole fraction of

the component in is small (e.g. less than 0.1). Such nonidealities typically result in 7" ;

values that are greater than unity (Banerjee, 1984; Buds and MacIntyre, 1985). The mole

fractions of all the target contaminants are generally very small (Table 7.1). However,

significant organic-phase nonideality would not be expected for the alkylbenzenes or

alkanes in this NAPL mixture because it is comprised primarily of similar fuel components.

If the alkylbenzenes were influenced by NAPL-phase nonideality, yN values for the more-

soluble compounds would be expected to be larger than those of the more-hydrophobic

components (i.e., less ideal), due to their generally smaller mole fractions and to the

more-hydrophobic nature of the mixture. Thus, if NAPL-phase nonidealities were

important, it would be expected that the hydrophilic constituents would have relatively

larger values for p. This would result in measured-to-ideal-concentration ratios for the

more hydrophilic alkylbenzenes that are larger for the more hydrophobic alkylbenzenes,

which is the opposite of the Kcw-MIR trend discussed here. Thus, the selective solubility

enhancement exhibited by the benzene-related compounds does not appear to be related

to NAPL-phase behavior.
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The near-unity MIR values indicate that DEC and UND essentially behave

ideally. As stated previously, if is uncertain if UND and DEC should adhere to the trend

illustrated in Figure 7.1. However, if it is assumed that these two compounds should

follow the Km -MIR trend, then the measured-to-ideal-concentration ratios for DEC

should be much greater than those for the alkylbenzenes, since the Kcw values for

DEC and UND are much larger. A discussion of this phenomenon can be found in the

next section.

For ICE, NAPL-phase nonidealities, as well as aqueous-phase nonidealities, may

influence dissolution behavior. TCE has a lower Kc,„ value compared to NAP and many of

the other contaminants, which should result in an measured-to-ideal-concentration ratio

value less than that of the alkylbenzenes, based on the KoN-MIR trend. However, the

initial measured-to-ideal-concentration ratio value (Table 7.2) for TCE is larger than those

of all the alkylbenzenes. This suggests that TCE may have a NAPL-phase activity

coefficient significantly greater than unity. It is reasonable that TCE, a chlorinated,

relatively-polar compound, would exhibit an increased NAPL-phase activity coefficient

in a predominantly non-chlorinated hydrocarbon mixture. The higher final measured-to-

ideal-concentration ratio value (5.4) for TCE could be a result of the TCE being more

non-ideal in the bulk NAPL phase at the end of the experiment than at the beginning

due to its smaller mole fraction. This possibility is sensible because any NAPL-phase

nonideality effect for a contaminant is likely to be magnified in the final mixture due to

the significantly smaller mole fractions associated with the end of the experiment. As

will be discussed in the following section, the unique pool-like spatial distribution of TCE



158

within the treatment zone may have resulted in apparent rate-limitations, which may

also have contributed to the increasing concentrations.

The UNIFAC computer code (Prausnitzet al., 1980) was used in an attempt to

predict NAPL-phase activity coefficients. UNIFAC predictions for this scenario is

problematic because the target compounds make up only about 10 mole% of the total

mixture; and the composition of the remaining NAPL (about 90 mole%) is unknown.

Thus, three simulations were conducted wherein the composition of the remaining

unknown-composition NAPL was assumed based on the supposition that the NAPL is

thought to be primarily jet fuel and solvents (USAF, 1995; Rao et al., 1997). The first

simulation assumed that the remaining NAPL was comprised of UND (a jet fuel

component that exhibited the largest mole fraction of all targets). The second simulation

assumed that the unknown 90% of the NAPL was comprised of UND and DCB at the

same mole-fraction ratio (XNuND -NocB/ X 1 as can be calculated from the initial mole-• - ,

fraction values listed in Table 7.1. The third simulation assumed that the remaining NAPL

was comprised entirely of octadecane, which was assumed to be representative of both

jet fuel and an insoluble pitch.

All three simulations indicated that the NAPL-phase activity coefficients exhibited

insignificant deviation from unity (within 10%) for all components except for TCE and

TCA. Thus, the UNIFAC simulations indicate that the alkylbenzenes and jet-fuel

components should not exhibit significant NAPL-phase nonidealities. The model results

for TCE and TCA are not thought to be reliable for the following reasons. In the first and

third simulations, the NAPL-phase activity coefficients for TCA and TCE were calculated

to be about 0.5. A value of 0.5 suggests that equilibrium dissolution was



159

thermodynamically more favorable for these two compounds in the NAPL mixture than

would be expected if these components existed in the pure-liquid form. This result is not

sensible because NAPL-phase nonidealities are expected to result in NAPL-phase mole

fractions that are greater than unity (Banerjee, 1984; MacIntyre and Buds, 1985). For the

second simulation UNIFAC interaction parameters were not available for DCB-TCE

interactions and DCB-TCA interactions; thus, results of the second simulation were

disregarded for TCE and TCA. Based on these results, he UNIFAC model is deemed

inappropriate for TCA and TCE under the given conditions and chosen assumptions.

The X,A1 7N 1 (MIR) term is theoretically based only on physicochemical

thermodynamic processes. However, for complex NAPL mixtures at field sites the MIR is

likely to include the effects of data uncertainty, as well as non-thermodynamic processes,

such as biodegradation. Degradation of contaminants from the solution phase may

contribute to lower-than-predicted enhanced concentrations (MIR<1). Kao and Bordon

(1997) demonstrated that BTEX compounds in soil cores collected from four NAPL-

contaminated sites degraded at varying rates. Thus, it is possible that a similar effect

caused the alkylbenzenes to be degraded at different rates in solution during the CSF,

contributing to the apparent trend in measured-to-ideal-concentration ratios. Angley et al.

(1992) found during laboratory studies that the aerobic biodegradation rate of

alkylbenzenes in an aqueous mixture decreased with decreasing number of carbons in

the alkyl chain (or with decreasing hydrophobicity). This trend is opposite to that required

to produce the linear trend in measured-to-ideal-concentration ratios seen for this field

study. Therefore, selective biodegradation is not thought to have contributed significantly

to the observed phenomena.
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Equilibrium vs. Rate-Limited Dissolution. An accurate description of the

dissolution behavior depends on elucidating the extent to which dissolution is an

equilibrium or rate-limited process. Rate-limited dissolution can occur as a result of

several mechanisms. The important factors controlling the dissolution rate of NAPLs at

the pore scale were discussed in the theory section. These types of pore-scale

processes have been investigated for single-component NAPLs using laboratory

columns by several researchers. In these experiments, a temporal decrease in the

dissolution rate generally resulted in gradually decreasing effluent concentrations for a

constant flow regime. Results of laboratory column experiments where single-

component NAPLs were flushed with cyclodextrin (Boving et al. 1998) also produced

this type of behavior after the NAPL saturation became small (less than 5 %).

Interestingly, rate-limited dissolution may produce an elution curve with a shape similar

to that expected for ideal, equilibrium dissolution of a component in a complex NAPL

mixture (due to decreasing NAPL-phase mole fractions).

The potential for rate-limited dissolution during this experiment was investigated

by interrupting flow for one day after 8 days of flushing. The no-flow period allows more

time for NAPL-aqueous mass transfer and thus presumably would result in equilibrium

aqueous concentrations for the target contaminants for which dissolution was rate

limited. Thus, an increase in the effluent concentration following flow interruption would

indicate that NAPL dissolution may be rate limited rather than instantaneous. Figure

6.2 illustrates that there was not a significant increase in the effluent concentrations of

the target contaminants after restarting flow (on day 9). Generally, these results

indicate that the NAPL dissolution in the presence of the cyclodextrin solution was near



161

equilibrium during the CSF, which is consistent with the results of the analysis

presented above. However, under typical field conditions, this technique may not

detect changes in local mass-transfer processes because the average mass-transfer

behavior of the flushed NAPL zone will dominate the evolution of the effluent

concentrations. In addition, the duration of the no-flow period may not have been

sufficient to allow time for contaminants experiencing severe rate-limited dissolution to

show significant increases in aqueous concentrations. Therefore, these results should

not be interpreted to mean that dissolution of NAPL was instantaneous everywhere

within the cell. For field-scale studies, the duration flow interruption period should

probably be considerable longer than one or two days to maximize the chance of

getting measurable results.

As discussed above, the measured-to-ideal-concentration ratios for DEC and

UND are much less than expected, based on the Kcw-MIR trend. This suggests that the

measured (actual) aqueous concentrations are well below equilibrium, which may be

due to rate-limited dissolution. In addition, the UND and DEC concentration decreased,

even though the mole fractions increased during the experiment (Table 7.1), which

indicates an increased departure from equilibrium as flushing progressed (this behavior

is also suggested by the reduced measured-to-ideal-concentration ratios in Table 7.2).

TMB also appears to exhibit this effect, but to a lesser extent. The reason for a

possible decreased dissolution rate for these contaminants is not clear. However, it is

interesting that the most hydrophobic contaminants appear to be the ones for which

dissolution may have been rate-limited.
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The elution curve for DEC showed a concentration increase after the flow-

interruption period (Chapter 6), which would indicate that dissolution was rate-limited.

However, this evidence is inconclusive because a single data point before the flow

interruption exhibited a concentration similar to the concentrations measured after the

flow interruption. Thus, it is difficult to ascertain whether the UND elution curve truly

exhibited a concentration increase after the flow interruption. The other fuel

components did not appear to experience measurable dissolution-rate limitations.

Since all the fuel components are expected to have a similar NAPL distribution, the

reason for the apparent decreased dissolution rate for DEC, UND (and possibly TMB) is

not clear, but may be related to mixture-dependent factors which are not currently

understood.

Apparent rate-limited dissolution of TCE, due to the so-called bypass-flow

dissolution processes discussed earlier, may have contributed to the deviation from

ideal dissolution behavior observed for TCE. The soil-phase distribution of TCE is

concentrated in a relatively localized portion of the cell near the water table (Figure

6.3), which is the zone of highest contamination, while the other contaminants exhibit a

more uniform distribution throughout the cell. This difference in the distribution of ICE

compared to the other contaminants is not surprising based on site conditions.

Because TCE is typically used as a solvent, and is not part of a mixture such as the jet

fuel (which is the primary source of NAPL at the site), it is possible that an isolated

zone of TCE could exist within the cell. This could cause increasing TCE

concentrations as the flush progresses, because more flushing fluid flows through the
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high-concentration TCE zone with as the NAPL pool dissolves due to an increasing

relative water permeability (Chapter 2).

This proposed rate-limited behavior for ICE is consistent with the fact that

measured-to-ideal-concentration ratios are significantly larger at the end of the

experiment. The calculation of the ideal concentrations is based on an organic activity

coefficient of unity. Thus, if the effect of NAPL-phase nonideality is large, the initial

TCE concentration could be well below the equilibrium value, despite the initial MIR of

2.3. This is possible if the initial organic-phase activity coefficient was actually much

greater than unity. That is, it is possible that TCE concentrations were below

equilibrium at the start of the CSF, and the increasing concentrations are due to

increased fluid flow through the TCE zone as the NAPL saturation is reduced. Thus,

the larger final measured-to-ideal-concentration ratio could be due to a combination of

a reduction in the apparent mass-transfer constraints (caused by flow bypassing) and

an increase in the NAPL activity coefficient (due to a smaller average mole fraction) at

the end of the CSF.

Cyclodextrin-Induced Increase in the NAPL-Aqueous Dissolution Rate.

The ideal equilibrium dissolution analysis in the previous section for the CSF may also

be applied to the data from the water flush (WF) conducted immediately prior to the

CSF. As shown in Table 7.3, the NAPL-phase mole fractions changed very little for all

the target contaminants. Thus, one would the degree of dissolution nonideality to

remain essentially unchanged for the duration of the WF. Thus, the MIR values should

be similar at the beginning and end of the WF. Under these circumstances, the extent
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of the departure from equilibrium dissolution during the WF can be readily determined

by comparing the MIR values for the beginning and the end of the experiment.

TABLE 7.3 Measured (Cm) vs. Theoretical (Cideal) Aqueous Concentrations for Water
Flush (WF)

Target

Start	 WF End	 WF

Xi Cm/Cideai Xi Cm/C ideal

ICE .0018 2.2 .0015 0.14

DCB .0192 0.9 .0186 0.05

NAP .0013 1.5 .0013 0.20

TMB b .0031 0.4 .0031 0.01

mp-XYL .0011 3.7 .0010 0.02

o-XYL .0033 0.8 .0028 0.02

EB .0006 1.7 .0006 0.04

TOL .0062 2.0 .0046 0.03

DEC .0089 a .0089 a

UND .0330 a .033 a

BENZ .0001 0.2 .0001 a

TCA .0007 3.0 .0006 0.68

a. Not reported; below analytical detection limits for all samples.
b. Soil concentrations were corrected to obtain values for 1,2,4-TMB as described in text

Steady hydrodynamic conditions, including a constant flow rate, were

maintained in the transition from the WF to the CSF. Since the transition was period

was very short (on the order of minutes), the physical properties of the porous media

and the NAPL (including mole fraction) at the start of the CSF must be essentially
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identical to those at the end of the WF. For the most soluble components, the mole

fractions at the end of the WF (and start of the CSF) were corrected to account for the

mass removed during the water flush (see Chapter 6 for details). These results are

shown in Table 7.3.

The initial water-flush concentrations are within a factor of about three of the

predicted concentrations. This indicates that essentially equilibrium-dissolution

conditions existed at the beginning of the water flush. This is not surprising because

the system was static for several weeks prior to the experiment, which provided

sufficient time to achieve equilibrium between the NAPL and water phases. However,

the final measured water-flush concentrations are significantly less than the predicted

equilibrium concentrations. A significant reduction in effluent concentrations are typical

for pump-and-treat operations (MacKay and Cherry, 1985; NRC 1994). For this study,

the phenomena is attributed to the effect of rate-limited dissolution during the latter

stages of the water flush.

Based on the previous analysis, it is clear that the general dissolution behavior

during the CSF may be described as an equilibrium process. However, dissolution

during the latter stage of the water flush, which was conducted immediately prior to the

CSF, appears to have been significantly rate-limited. Therefore, an increase in the

dissolution rates for the target contaminants occurred during the CSF compared to

water flushing. Bypass flow (Chapter 2) or porous-media heterogeneities may often

limit NAPL-water contact during pump-and-treat remediation, and thus result in sub-

equilibrium aqueous concentrations. However, if the effects of bypass flow or

heterogeneities had been significant, then it would be expected that aqueous
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concentrations measured during the CSF would also have been below equilibrium

values. Thus, bypass flow is not thought to have caused significant dissolution

limitations for the water flush or the CSF. The cyclodextrin flushing solution did not

cause a measurable change in the hydrodynamic conditions at the site, and mobilized

NAPL (droplets or emulsions) were not present in extraction-well samples (Chapter 6).

Thus, the apparent increase in the dissolution rate is attributed to the impact of the

cyclodextrin on the mass-transfer rate between the NAPL and aqueous phases.

The reasons for this apparent increase in the dissolution rate are not clear.

However, assuming that equations 3.8 and 3.9 can be used to represent NAPL-

aqueous phase mass transfer, then the apparent increase in mass transfer rate could

be attributed to an increase in the driving force, an increase in the NAPL-aqueous

phase interfacial area, or an increase in the mass-transfer rate coefficient. The effect

of enhanced-solubility agents to increase the driving force was described previously

(Chapter 2). Additionally, laboratory measurements of interfacial tension (Surface

Tensiomat, Fisher Scientific, Model 21) indicated that a 10% hydrmrypropy1-6-

cyclodextrin solution reduced the NAPL-water interfacial tension from 37 dynes/cm to

about 15 dyne cm for NAPL collected near the treatment area at Hill AFB. A decrease

in the interfacial tension will result in a subsequent increase in the NAPL-water

interfacial area due to an increased radius of curvature at the interface (Corey, 1994),

which may result in a subsequent increase in the overall mass-transfer rate. The third

factor, changes in the mass transfer coefficient, depends on the aqueous phase

diffusion of the contaminant, as well as the thickness of the NAPL-aqueous boundary

layer, and possibly other parameters as well (such as diffusion within the NAPL phase,
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or other mixture-dependent effects). The effect of the CSF on these factors is currently

unclear and is under investigation. However, it is clear that for this experiment the

cyclodextrin solution mitigated the rate limitations associated with NAPL dissolution.

Summary. The results of this chapter illustrate the following: (1) that

dissolution of a multicomponent NAPL during a cyclodextrin flush at the field scale was

essentially an ideal equilibrium process; (2) that theory could be combined with

laboratory data to successfully predict field-scale dissolution behavior of

multicomponent NAPLs; (3) that nonideal, nonequilibrium effects may synergistically or

antagonistically interact to complicate mass-transfer processes during enhanced in situ

flushing of multicomponent NAPLs. Predictions based on theory and laboratory data

may be very useful for planning full-scale field remediation operations. However,

enhanced dissolution during this experiment was nearly an ideal, equilibrium process, a

condition that may difficult to achieve if the flow field of the remediative fluid is

significantly larger than the NAPL-contaminated zone. While the departure from

equilibrium during this experiment was not extreme for the chosen target contaminants,

nonideal and nonequilibrium dissolution could be significant at other sites where

multiple-components are present. An in-depth understanding of the dissolution

behavior can contribute greatly to remediation design and risk-based decision making.

This may be particularly true when specific contaminants in a multicomponent NAPL

are the remediation targets, because the dissolution behavior of certain contaminants

may deviate significantly from that expected for the majority of the contaminants.
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CHAPTER 8. ENHANCED-REMEDIATION FIELD EXPERIMENT:

COMPARISON TO PUMP-AND-TREAT REMEDIATION

Objectives

The objective of this chapter is to compare the effectiveness of cyclodextrin

flushing for remediation of NAPL contamination with pump-and-treat remediation, the

standard method for ground-water remediation, during a pilot-scale field test, under

essentially identical hydrodynamic, hydrogeologic, and contaminant-distribution

conditions.

General

Conventional pump-and-treat techniques are generally considered to be

ineffective for removal of nonaqueous phase liquids (NAPLs) from the saturated zone

(Chapter 2). Nonetheless, about 93% of all Superfund ground-water remediations are

conducted using pump and treat (Begley, 1997). Thus, pump and treat remains to be

the conventional method for remediation of subsurface contamination, and is therefore

an appropriate standard by which to compare the effectiveness of other remediation

techniques. In this chapter, the effectiveness of the complexing sugar flush (CSF) is

compared to that of water flushing, which is assumed to be an adequate analogy to

pump-and-treat remediation.



169

Results And Discussion

Water-Flush Experiment. A water-flush (WE) experiment was performed prior

to the cyclodextrin experiment to simulate pump-and-treat remediation for comparison

with the CSF. Approximately 19.5 pore volumes of water were flushed (24.5 days of

pumping) through the cell during the water flush, which also included two flow-

interruption periods. The first interruption (no-flow) period occurred after about 17 days

of pumping and lasted for 21 days. Pumping was then reinitiated and continued for

about 5 more days before a second no-flow period (lasting 4-days) was incurred. After

this period, pumping was resumed and continued for 3 days, after which the CSF was

initiated without flow interruption.

It is well known that water-flushing typically results in a rapid decrease in

extracted contaminant concentrations as the first pore volume, which may comprise

relatively high concentrations associated with near-equilibrium conditions, is removed

from the subsurface. Concentrations will then typically reach and maintain (within

sample variance) some asymptotic profile wherein concentrations are smaller than

equilibrium values (MacKay and Cherry, 1989). The concentrations at the end of the

water flush (and just prior to the CSF) are thus assumed to be a conservative estimate

of the concentrations that would be observed during a long-term pump-and-treat

operation.

The CSF was initiated such that steady flow conditions, including a constant

water table elevation, were maintained during the transition between the water flush

and the CSF. Using this procedure, direct comparisons of contaminant mass-removal

effectiveness can be made for the two technologies under nearly identical
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hydrogeological and hydrogeochemical conditions. This type of comparison is

desirable because it provides direct evidence of the improvement in remediation

performance achieved by the CSF compared to pump and treat, which is currently the

standard method for ground water remediation. It is evident that optimal pump-and-

treat remediation design, as well as optimal enhanced-solubility flushing techniques,

may not always use the continuous, constant flow-rate system used in this experiment.

However, for the purposes of comparison, both remediation technologies must have a

common basis.

Contaminant Elution During the Water Flush. The concentrations of selected

target contaminants are plotted versus time in Figure 8.1. The occurrence of the flow-

interruption experiments (described in Chapter 5) are also shown on the plot. However,

the no-flow duration is not included on the horizontal time scale of Figure 8.1 because

samples taken from the extraction wells during these periods do not represent average

conditions within the treatment cell. As expected, the concentrations for most

contaminants decrease by about one to two orders of magnitude within the first few

days of the water flush, and maintain relatively asymptotic levels thereafter. The

equivalent of about 16 pore volumes were flushed during the asymptotic period for

most target contaminants. The initial, relatively high, concentrations probably occurred

because the system was static for several weeks prior to the experiment, which

provided sufficient time to achieve equilibrium between the NAPL and water phases.

As will be discussed in a forthcoming section, the fianl asymptotic concentrations

probably result from rate-limited dissolution between the NAPL and flushing water.
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Decreasing concentrations may also result if the flushing fluid, due to porous-

media heterogeneities or NAPL relative-permeability effects, experiences limited

contact with the NAPL (bypass flow). However, as will be discussed, bypass flow is not

thought to be the primary constraint on dissolution for this experiment. Generally, an

enhanced flushing technique would not be used until asymptotic concentration levels

are reached with conventional water flushing because pump-and-treat remediation may

and nearly as effective (and less costly) as enhanced-solubility remediation schemes in

the early stages of pumping.

Contaminant Elution During the Complexing-Sugar Flush. The elution

curves for selected contaminants obtained during the CSF were presented in Figure

6.2. The concentrations are flux-averaged values obtained from the concentrations of

all three extraction wells. As will be discussed in a forthcoming section, cyclodextrin

induced very large increases in the aqueous concentrations of all the target

contaminants, ranging from about 100 to over 10000 times the concentrations achieved

in the water flush conducted immediately prior to the CSF. The effluent concentrations

experience a large, initial increase followed by a decrease to a somewhat constant

value for most contaminants. The initial increase occurs simultaneously with the

increase in HPCD concentration to 10%. As will be discussed later, these subsequent

decreasing concentrations for most contaminants are believed to be due, in part, to the

effect of a decreasing mole fraction (Chapter 7).

Remediation Comparison. As a direct measure of the effectiveness of the

CSF, the target-contaminant concentrations and mass removed during the CSF are

compared to the average concentrations and mass removed during the water flush
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conducted before the CSF. This comparison allows for analysis of the relative

magnitudes and rates of mass removal for the two remediation methods. As stated

previously, steady flow conditions, including a constant water table elevation, were

maintained during the transition from the water flush to the CSF. Therefore, any

concentration enhancement in the extraction well effluent during the CSF was due

solely to the effects of the cyclodextrin on the solubility of the contaminants.

As described in Chapter 6, the amount of contaminant mass removed from the

subsurface during water- and sugar-flushing can be calculated for each contaminant by

integrating under the elution curves. The total amount of mass of each target

contaminant removed from the treatment cell during flushing, as well as the

percentages of total mass removed by the water flush and by the CSF, are reported in

Table 6.4. The water flush removed significant amounts of the more soluble

components. However, most of the mass removal for the water flush occurred during

the first several days. As is apparent from the results in the table, the CSF removed

significant amounts of mass for these compounds after the mass removal became

negligible during the water flush.

The flux-averaged solubility enhancements for the target contaminants at the

beginning and end of the CSF are shown in Table 8.1. These enhancement values are

calculated using the concentration data from all three extraction wells for both the water

flush and CSF. The aqueous concentrations for all compounds except TCE and TCA

were below GC detection limits in the effluents of one or more extraction wells,

particularly E53 or E51, for the latter part of the water flush. In these cases, the lesser

of the method detection limit or assumed equilibrium solubility (using estimated mole
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fractions, Chapter 7) was used as a conservative estimate of the maximum water-flush

concentrations where appropriate. Thus, the actual concentration enhancements for

these contaminants are greater than those reported due to the underestimation of the

enhancement in the effluents of one or more wells.

TABLE 8.1 Well-Averaged Aqueous Concentrations for Water Flush and Complexing
Sugar Flush (CSF) and Cyclodextrin-Induced Concentration Enhancements

Target

Water

Flush:

Conc

(mg/L)a

CSF

Initial

Conc.

(mg/L)b

Initial

Solubility

Enhancement
c

CSF

Final Conc.

(mg/L)d

Final

Solubility

Enhancement
c

UND 0.0005e 6.0 >12000 5.0 >11,000

DEC 0.0002e 1.3 >6500 1.3 >6500

m,p-Xyl 0.0029f 6.5 >2241 4.6 >1586

TMB 0.0017f 3.7 >2128 2.8 >1610

DCB 0.1162f 144 >1240 48 >413

EB 0.0033f 2.4 >735 0.8 >245

o-Xyl 0.0067f 2.4 >359 1.2 >180

NAP 0.0292f 9.2 >315 4.5 >154

TOL 0.0828f 17 >205 8.7 >105

TCE 0.2346 20 85 9.1 >39

a. Flux-averaged concentration of all 3 extraction wells (during last 3 days of water flush).

b. Initial maximum extraction-well concentration (flux-averaged concentration for all 3 extraction wells)
after [HPCD] reached 10%.

C. Solubility enhancement = avg. extraction-well concentration for CSF / avg. extraction-well
concentration for water flush.

d. Average extraction-well concentration during last day of CSF.
e. Below analytical detection limits in all extraction wells. The aqueous conc. was approximated using

the mole fractions times aqueous solubility as a conservative estimate of the steady-state water flush
concentration.

f. Below analytical detection limits in one or two extraction wells. The aqueous conc. for these wells was
approximated using the mole fractions times aqueous solubility as a conservative estimate of the
steady-state water flush concentration. The actual concentrations for the remaining well(s) are used.

g. Mass-removed (MR) enhancement = CSF MR per pore volume / Water-flush MR per pore volume
(based on extraction well aqueous concentrations)
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Mass removal may be inferred from the solubility enhancement. That is, for

constant water-flush and CSF concentrations, and when equal volumes are flushed, the

mass-removal enhancement should approximately equal the solubility enhancement.

The apparent solubilities for the target compounds are greatly enhanced by the

cyclodextrin solution. The initial solubility enhancements range from about 40 for TCE,

to over 11,000 for UND. The contaminant concentrations, and thus, the concentration

enhancements, generally decline with time due primarily to a reduction in the

contaminants' NAPL-phase mole fractions (Chapter 7). Based on partitioning tracer

test analysis, a significant portion of the mass (about 44%) was removed during the

CSF (Chapter 6). Thus, a significant amount of NAPL mass was removed during the

CSF prior to reaching the final concentrations shown in Figure 6.2. These asymptotic

concentrations represent the long-term mass removal of the remaining NAPL that

would be achieved by the CSF. The long-term water-flushing concentrations that would

be expected for the conditions of this experiment are the asymptotic values (Table 8.1,

Figure 8.1). Once effluent concentrations reach an asymptotic level during water

flushing, one would expect these levels to remain constant, or to slightly decrease, for a

very long time. The long-term mass-removal improvement achieved by the CSF,

therefore, can be determined by comparing the final CSF concentrations to the final

water-flush concentrations. This ratio is expressed as the final enhancement value in

Table 8.1. For the target compounds, the advantage of using cyclodextrin as a

flushing-solution agent is apparent.
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As the NAPL saturations become very small, it is possible that the CSF

concentrations may decrease below the final concentrations shown in Figure 6.2.

Nonetheless, the mass-removal gains achieved during the 8-pore volume CSF alone

are substantial. The mass removed via the extraction wells for each contaminant may

be calculated from the water-flush and CSF elution curves (Chapter 6). Table 8.2 lists

the equivalent water-flushing time (and number of pore volumes flushed) to remove the

same amount of mass that was removed in 10 days (8-pore volumes) by the CSF.

TABLE 8.2 Water Flushing Required to Remove the Equivalent Mass as Removed by
the 8-Pore Volume (10 day) Complexing-Sugar Flush

Minimum Equivalent # Pore

Volumes of Water Flushing

Minimum # Years of Water

Flushing Required

UND 74100 254

DEC 37300 128

m,p-Xyl 16200 56

TMB a 14600 50

DCB 5620 19

EB 3890 13

o-Xyl 2460 8.4

NAP 1690 5.8

TOL 1510 5.2

TCE 500 1.7

a. 1,2,4-TMB

For UND, more than 70,000 pore volumes (240 years) of water-flushing would

be required to remove the amount of mass removed with the 8-pore volume CSF,

assuming that UND concentrations measured during the water flush conducted prior to

the CSF would be maintained indefinitely. For DCB, a contaminant that has a relatively

high toxicity (compared to the other target contaminants), and exhibited relatively high
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soil concentrations within the treatment area (Table 6.2), nearly 20 years of water

flushing is required to equal that removed by the CSF. The improvement is significant

even for TCE, which has the smallest enhancement, for which about 470 pore volumes

(1 to 2 years) of water flushing would be required to remove the mass that was

removed in ten days by the CSF. These results clearly indicate that the time required

for NAPL cleanup at this field site may be greatly reduced by cyclodextrin-enhanced

flushing, particularly for the more-hydrophobic contaminants in the multicomponent

NAPL at Hill AFB.

Rao et al. (1997) achieved similar results for a 10-day (9 pore volume) cosolvent

flush experiment conducted at Hill AFB. The cosolvent was comprised of 70% ethanol,

12% pentanol, and 18% water. These researchers estimated that about 50,000 pore

volumes of water flushing would be required to achieve the same DEC mass removal

as obtained during the cosolvent flush (compare to 37,000 equivalent pore volumes for

the CSF). For DCB, 250 equivalent pore volumes would need to be flushed (compare

to 5600 equivalent pore volumes for the CSF). However, while the CSF and the Rao et

al (1997) experiment were conducted at the OW site, the overall NAPL composition

and distributions for the two experiments may have been quite different.

Flow-Interruption Experiment. As indicated in Figure 8.1, during the water

flush, there appears to have been a slight increase in contaminant concentrations for

the selected target contaminants following the no-flow periods (which occurred at about

17 and 22 days on the figure). This generally occurred for all the target contaminants

(Bryan et al., 1998). This indicates that non-equilibrium dissolution conditions may

have existed during the latter stages of the water flush, which is also indicated by the
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measured-to-ideal-concentration ratio analysis discussed in Chapter 7. The durations

of these no-flow periods were considerably longer than the one for the CSF; but do not

appear to have been long enough to regain the equilibrium concentration values

exhibited at the start of the water flush. As discussed in Chapter 7, the NAPL

dissolution in the during the CSF was near equilibrium, indicating that the cyclodextrin

solution effected an increase in the NAPL-aqueous dissolution rate for all the target

contaminants.

The increased dissolution rate results in field-measured solubility enhancements

(CSF concentration divided by water-flush concentration) that are generally an order of

magnitude larger than the equilibrium enhancements measured from batch equilibrium

experiments (see Table 8.3), wherein the water-NAPL system was at equilibrium.

TABLE 8.3 Equilibrium Solubility Enhancements vs. Field-Observed Solubility
Enhancements

Target

Equilibrium Solubility

Enhancement

CSF Initial

Solubility Enhancement c

TCE 6.5a 264

DCB 27a 493

TMB 17a 989

NAP 30a 148

m,p-xyl 24b 899

o-XYL 16a 236

EB 25a 309

TOL 1 Oa 93

a. Measured for this work.
b. Average value for p- and m-xylene, from correlation of Wang and Brusseau (10), updated using the

values measured in this work (R2 =0.97).
c. Measured for this work based on WF and CSF samples from center extraction well.
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Thus, equilibrium solubility enhancements measured in the laboratory may not

provide an adequate prediction of enhancements (and thus mass-removal

effectiveness) that may occur in typical field scenarios due to differences in NAPL

dissolution rates between water and solutions of enhanced-solubility agents. For this

field study, the improvement in target-contaminant remediation effectiveness of the

CSF compared to the water flush was a result of significant increases in the NAPL-

water mass-transfer rates of the contaminants as well as a result of solubility

enhancements. Consequently, cyclodextrin flushing may be particularly attractive at

sites where the interfacial mass-transfer rate is constrained.

Summary. The conditions used in this experiment were intended to mimic a

one pore-volume-per-day remediation scenario while maintaining strict hydrodynamic

conditions that may not be possible in some large-scale remediation scenarios. For the

conditions under which these experiments were conducted, the CSF is significantly

more efficient than water flushing for removing NAPL contaminants from the

subsurface. The CSF appears to increase not only the magnitude of the aqueous

solubility for the target contaminants, but also the rate of dissolution. For this

experiment, the impact of the CSF on the dissolution rate was substantially greater than

the magnitude of its effect on the solubility for some target contaminants. Thus,

cyclodextrin flushing may be useful at sites where NAPL dissolution is significantly
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CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS

A pilot-scale field test indicates that cyclodextrin (a complexing sugar) can be

very effective for enhanced-flushing remediation of multicomponent nonaqueous-phase

organic liquid (NAPL) contamination at a hazardous-waste site. The complexing-sugar

flush (CSF) was quite successful at both enhancing the aqueous solubilities of

hydrophobic organic contaminants, and effecting a significant reduction in contaminant

mass (>40 % reduction over 10 days). The CSF was shown to be far superior to water

flushing (i.e., traditional pump-and-treat remediation). The CSF increased not only the

magnitude of the aqueous solubility for the target contaminants, but also the rate of

dissolution. Thus, cyclodextrin flushing may be useful at sites where dissolution of

NAPL is significantly inhibited due to interfacial mass-transfer rate limitations.

The CSF technique, as are enhanced-flushing technologies in general, is

considered to be most useful for source-zone remediation, and not for contaminant-

plume control. The nontoxic, relatively non-reactive nature of cyclodextrin makes it an

attractive choice for subsurface remediation of NAPL contaminants, especially for

situations where mobilization is undesirable, and where the use of higher-toxicity

reagents is not possible. One may expect other enhanced-solubility agents, such as

cosolvents and surfactants, to be similarly successful. While the potential of such

agents for removal of NAPL from porous media has been verified previously using

simple bench-scale laboratory experiments (recall Chapter 2), the efficacy of such

innovative remediation techniques has not been proven at the field scale. This

research, the first to assess the remediation performance of cyclodextrin at the field

scale, serves to fill a small part of the gap in the remediation-research literature.



184

A frequently-stated obstacle to the use of chemically-enhanced remediation

technologies is the perception that the chemical design is quite complex. This is

certainly true of many enhanced-solubility agents for the reasons discussed in Chapter

2, particularly for multicomponent NAPL contamination. In this research, simple bench-

scale experiments, conducted using single-component NAPLs and cyclodextrin

solution, were used to successfully predict important aspects of performance for the

CSF. Thus, for the cyclodextrin flush, relatively simple preliminary studies were

adequate to justify a pilot-scale field study, which in turn may be used as a precursor to

full-scale remediation. However, the location of the subsurface NAPL for this

experiment was well known. A proper design of any enhanced-remediation technology

must include a detailed characterization of the subsurface contamination, which may be

the most difficult aspect of the design for full-scale remediations.

A theory was developed to describe equilibrium dissolution of a multicomponent

NAPL in the presence of an enhanced-solubility agent. Predictions based on theory

and laboratory data may be very useful for planning full-scale field remediation

operations. An in-depth understanding of the dissolution behavior can contribute

greatly to remediation design and risk-based decision making. This may be particularly

true when specific contaminants in a multicomponent NAPL are the remediation

targets, because the dissolution behavior of certain contaminants may deviate

significantly from the expected behavior for the majority of the contaminants. The

mass-transfer phenomena examined in this work may contribute to a better

understanding of the dissolution behavior of organic contaminants in solutions of other

enhanced-solubility agents (e.g., surfactants and cosolvents). Thus, while this aspect
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of research is not applied, but rather more fundamental, it is a very important aspect of

field-scale remediation design. Additional studies on nonideal equilibrium dissolution of

a multicomponent NAPL in the presence of enhanced-solubility agents solutions is

desirable. Research investigating rate-limited dissolution of a multicomponent NAPL in

water and in enhanced-solubility agents solutions would also be useful.

This research indicates that cyclodextrin, and enhanced-solubility agents in

general, may be more efficient at removal of particular contaminants from a

multicomponent NAPL, especially in the "short" term. Because most subsurface NAPL

spills are likely to be mixtures (e.g., gasoline, landfill components, disposal-pit wastes,

etc.), and since the initial cost of enhanced-solubility agents may be relatively high,

identification and targeting of the most important contaminant(s) of concern may be

very important. At Hill AFB, an obvious primary contaminant of concern is TCE

because of it's high potential for off-site migration, high toxicity, and relatively low

biodegradability. The CSF was quite successful at removal of TCE from the subsurface

(>90% removal in 10 days).

This excellent "matching" of the contaminant of concern to the chosen

remediation technology must become standard when designing remediation schemes.

If remediation of more than one contaminant is the goal, then it may be beneficial to

use several remediation technologies simultaneously or in series to maximize the

contaminant-removal effectiveness of the remediation effort. It is important to realize

that enhanced-solubility agents in general may be useful for NAPL: remediation

providing they are effective for the contaminant(s) of concern, even if they effect a slow

mass-removal rate for other, less-important constituents in the NAPL.
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Two major limitations of implementing innovative NAPL-remediation

technologies currently exist: locating the source of the NAPL contamination, and the

cost of implementation. Clearly, these two limitations are interrelated. Because the

operation and maintenance cost of decades of pump-and-treat remediation is

exorbitant, the high initial cost of an enhanced-solubility agent can be readily justified

providing the flushing solution can be delivered to the NAPL-source zone. Research

efforts must focus on development and testing of effective techniques for

characterization of subsurface NAPL and porous-media heterogeneities before

innovative remediation technologies can become widely accepted. Additionally, in

some instances, the high initial cost of an innovative remediation technology, while

justifiable in the long term, may not be affordable in the short term. Thus, research

should be pursued to develop methods for recycling and reuse of remediation agents.

Finally, this research clearly demonstrates that NAPL remediation in general is

feasible, providing that an effective remediation technique is used. The long history of

ineffective pump-and-treat remediations may have served to create a pessimistic

attitude regarding the feasibility of using any remediation technology to clean up NAPL

pollution. As a result, the "do-nothing" approach is being suggested more frequently.

However, the processes of natural attenuation are clearly not feasible in all instances;

and the assumption that NAPL pollution can be effectively contained (without

remediation) for an indefinite period of time does not pass the common-sense test.

Thus, academic and industrial research in the area of innovative subsurface

remediation technologies should continue, and the success of such technologies should

be made public knowledge.
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Well Northing(ft)

Location of Wells in Cell 4

Easting (ft)	 Northing (m) Easting (m) Designation

1 1 289305.6 1873860.99 1.12 1.85 MLS
1 2 289307.79 1873862.02 1.79 2.16 MLS
1 3 289310.24 1873862.62 2.53 2.34 MLS
1 4 289312.69 1873863.06 3.28 2.48 MLS
2 1 289305.62 1873858.97 1.12 1.23 MLS
2 2 289307.88 1873859.64 1.81 1.44 MLS
2 3 289311.21 1873860.08 2.83 1.57 MLS
2 4 289312.93 1873860.92 3.35 1.83 MLS
3 1 289306.09 1873856.45 1.27 0.46 MLS
3 2 289308.95 1873856.96 2.14 0.62 MLS
3 3 289311.73 1873857.94 2.99 0.92 MLS
3 4 289314.18 1873858.57 3.73 1.11 MLS
4 1 289301.93 1873860.84 0.00 1.80 INJ
4 2 289302.74 1873859.13 0.25 1.28 INJ
4 3 289303.21 1873857.13 0.39 0.67 INJ
4 4 289303.92 1873854.93 0.61 0.00 INJ
5 1 289315.17 1873863.73 4.04 2.68 EXT
5 2 289315.78 1873861.54 4.22 2.01 EXT
5 3 289316.35 1873858.71 4.40 1.15 EXT
6 1 289306.83 1873858.95 1.49 1.23 Piez
6 2 289311.95 1873860.32 3.05 1.64 Piez

MLS = Multilievel Sampler
INJ = Injection Well
EXT = Extraction Well
PIEZ = Piezometer
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Well Designations and Depths

WELL

Designation BLACK BLUE

DEPTH

RED

(ft bgs 2)

WHITE YELLOW

DEPTH

(ft bgs 2)

SCREENED

MLS 11 18.6 20.6 22.6 24.6 26.6

MLS 21 18.6 20.6 22.6 24.6 26.6

MLS 31 18.6 20.6 22.6 24.6 26.6

MLS 12 18.5 20.5 22.5 24.5 26.5

MLS 22* 19.1 22.1 23.1 25.1 27.1

MLS 32 19.3 21.3 23.3 25.3 27.3

MLS 13 18.6 20.6 22.6 24.6 26.6 Not Applicable

MLS 23 18.6 20.6 22.6 24.6 26.6

MLS 33 18.6 20.6 22.6 24.6 26.6

MLS 14 18.6 20.6 22.6 24.6 26.6

MLS 24* 19.1 22.1 23.1 25.1 27.1

MLS 34 18.6 20.6 22.6 24.6 26.6

EXT 51 17.6-27.6

EXT 52 17.2-27.2

EXT 53 16.7-26.7

INJ 41 Not. Applicable 17.5-27.5

INJ 42 17.4-27.4

INJ 43 16.7-26.7

INJ 44 17.1-27.1

PIEZ 61(S) Not. Applicable 17.2-22.2

PIEZ 62 (N) . 16.8-21.8

1. MLS 22 & 24 were Installed after drilling boreholes, other MLS were installed with CPT.
2. 1 ft = 0.3048 m, bgs = below ground surface
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Analytical Detection Limits (mg/L) for Target Contaminants using Gas Chromatography
Method Described in Chapter 5 (Johnson and Brusseau, 1997)

Target Contaminant Instrument Method Quantifiable a

TCA 0.002 0.005 0.02

Benzene 0.0003 0.0008 0.003

TCE 0.0007 0.0016 0.007

TOL 0.0002 0.0006 0.002

EB 0.0002 0.0006 0.002

m,p-XYL 0.0001 0.0004 0.001

o-XYL 0.0002 0.0006 0.002

1,2,4- TMB 0.0002 0.0005 0.002

DCB 0.0007 0.0017 0.007

NAP 0.002 0.005 0.02

DEC 0.001 0.005 0.01

UND 0.001 0.005 0.01

a. Limit for flame ionization detector using the gas-chromatography method described in Chapter 3.
b. Limit for the analytical method (including analytical procedure).
c.	 Defined as 10 times the instrument detection limit.
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193Extraction-Well Cyclodextrin Concentration Data (mg/L)

EXT 51
Day of Study Conc (mg/L) Day of Study Conc (mg/L) Day of Study Conc (mg/L)

0.06 1.66 2.56 96000 7.98 107300
0.10 2.63 2.70 99433 8.09 103656
0.15 3.18 2.81 102789 8.28 NA
0.18 61.7 2.95 101211 8.49 NA
0.24 451 3.07 102556 8.75 NA
0.28 760 3.23 101922 9.02 108100
0.31 960 3.31 103911 9.14 NA
0.35 1322 3.45 102600 9.29 NA
0.38 2001 3.58 99933 9.47 NA
0.43 2981 3.69 99956 9.64 NA
0.47 4244 3.81 102433 9.80 NA
0.54 6733 3.93 NA 9.93 99300
0.57 8204 4.09 NA 10.06 NA
0.62 8213 4.20 NA 10.15 No Sample
0.67 10927 4.32 NA 10.29 NA
0.71 10069 4.41 106444 10.54 NA
0.74 12144 4.56 NA 10.82 NA
0.80 20244 4.72 NA 10.86 103300
0.82 22333 4.87 NA 11.01 NA
0.88 39444 4.95 102400 11.13 99500
0.90 40100 5.10 NA 11.28 NA
0.96 54144 5.22 103100 11.50 67000
0.98 58444 5.31 NA 11.76 NA
1.03 69667 5.45 NA 12.00 42470
1.07 No Sample 5.61 113000 12.25 NA
1.13 74556 5.75 NA 12.62 32880
1.20 84256 5.91 NA 12.78 NA
1.29 86733 5.99 NA 12.89 25370
1.37 87556 6.07 NA 13.23 NA
1.45 89578 6.23 NA 13.66 11250
1.56 92122 6.40 101100 15.82 511
1.63 94456 6.57 NA 16.73 1714
1.73 95111 6.75 NA 17.94 1506
1.80 97833 6.91 NA 19.73 537

1.94 97700 7.08 NA

2.05 101811 7.24 NA

2.19 103100 7.41 NA

2.31 101789 7.59 NA

2.44 102267 7.76 NA

NA = Not Analyzed
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Extraction-Well Cyclodextrin Concentration Data (nng/L)

EXT 52
Day of Study Conc (mg/L) Day of Study Conc (mg/L) Day of Study Conc (mg/L)

0.06 3.70 2.56 NA 7.99 104400
0.10 1.10 2.70 NA 8.11 102311
0.15 100.90 2.81 98000 8.29 NA
0.18 120.9 2.95 NA 8.49 NA
0.24 807 3.07 NA 8.75 NA
0.28 1097 3.23 101400 9.02 101222
0.31 1631 3.31 98911 9.14 NA
0.35 3157 3.45 NA 9.29 NA
0.39 4071 3.58 NA 9.47 NA
0.43 7061 3.69 NA 9.64 100022
0.47 9811 3.81 97867 9.80 NA
0.54 10561 3.93 NA 9.93 103889
0.57 18733 4.09 NA 10.06 NA
0.62 25333 4.20 NA 10.15 No Sample
0.67 30778 4.32 NA 10.29 96700
0.71 40378 4.41 95267 10.54 NA
0.74 44178 4.56 103400 10.82 99620
0.80 41267 4.72 NA 10.86 96280
0.83 49000 4.88 NA 11.01 96120
0.88 50844 4.95 NA 11.13 89220
0.90 63200 5.10 99000 11.28 67160
0.96 61800 5.22 NA 11.50 52620
0.98 74444 5.31 NA 11.76 45400
1.04 83333 5.45 NA 12.00 36520
1.07 No Sample 5.62 102933 12.25 28960
1.13 85778 5.75 NA 12.62 24025
1.20 93578 5.91 NA 12.78 NA
1.29 95289 5.99 NA 12.89 21310
1.37 97422 6.07 101311 13.23 15710
1.45 99022 6.24 NA 13.66 10750
1.56 99022 6.40 105400 15.82 402
1.63 101044 6.57 NA 16.73 1310
1.73 98889 6.75 102600 17.94 1432
1.80 102667 6.91 NA 19.73 517

1.94 NA 7.08 NA

2.05 101822 7.24 NA

2.19 NA 7.41 102422

2.32 NA 7.59 NA

2.45 97844 7.76 NA

NA = Not Analyzed
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Extraction-Well Cyclodextrin Concentration Data (mg/L)

EXT 53
Day of Study Cone (mg/L) Day of Study Cone (mg/L) Day of Study Conc (mg/L)

0.06 15 2.56 NA 7.99 106200
0.11 NA 2.70 101930 8.11 NA
0.15 30.10 2.81 NA 8.29 NA
0.18 NA 2.95 NA 8.50 NA
0.24 NA 3.07 NA 8.75 NA
0.28 761.20 3.23 103200 9.02 101500
0.31 NA 3.32 NA 9.14 NA
0.35 NA 3.45 NA 9.29 NA
0.39 3477.50 3.58 NA 9.48 NA
0.43 NA 3.69 NA 9.64 NA
0.47 NA 3.81 102900 9.80 NA
0.55 13424 3.93 110100 9.93 105000
0.57 NA 4.09 NA 10.07
0.62 19065 4.21 NA 10.15
0.67 NA 4.32 NA 10.29 NA
0.71 24460 4.41 103700 10.54 NA
0.74 NA 4.56 NA 10.82 NA
0.81 26765 4.72 NA 10.86 103100
0.83 NA 4.88 NA 11.01 NA
0.88 39645 4.95 NA 11.13 60200
0.90 NA 5.10 105500 11.28 NA
0.96 52730 5.22 NA 11.50 39200
0.98 NA 5.31 NA 11.76 NA
1.04 65880 5.45 NA 12.00 23360
1.07 No Sample 5.62 103000 12.25 NA
1.13 NA 5.75 NA 12.62 20520
1.20 83030 5.91 NA 12.78 NA
1.30 NA 6.00 NA 12.89 18140
1.38 85540 6.07 NA 13.23 NA
1.45 NA 6.24 NA 13.66 10320
1.56 99220 6.41 105100 15.82 436
1.63 NA 6.57 NA 16.73 1537
1.73 95800 6.75 NA 17.94 1390
1.80 NA 6.91 NA 19.73 500
1.94 NA 7.09 NA
2.05 NA 7.24 NA
2.20 104010 7.41 NA
2.32 NA 7.59 NA
2.45 NA 7.76 NA

NA = Not Analyzed
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