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ABSTRACT 

 

Complex multi-component immiscible liquid mixtures can significantly limit the 

effectiveness of groundwater remediation. The use of enhanced-flushing technologies has 

emerged as a promising technique for the remediation of sites contaminated with immiscible 

liquids. A series of two dimensional (2-D) flow cell experiments was conducted to quantify the 

effectiveness of two different flushing agents on the removal of a uniformly distributed multi-

component immiscible liquid source zone. A 39.5 x 20.2 cm flow-cell was packed with 20/30-

mesh sand and emplaced with a 15 x 3 cm rectangular source zone located at the center of the 

flow cell. The source zone was established with a 10% NAPL saturation (Sn) consisting of equal 

1:1:1 mole mixture of tetrachloroethene (PCE), trichloroethene (TCE), and cis-1,2-

dichloroethene (DCE). The solubilization agents investigated included 5 wt% solution of a 

complexing sugar, hydroxypropyl-β-cyclodextrin (HPCD), and a 5 wt% solution of a surfactant, 

sodium dodecyl sulfate (SDS). The results of these experiments indicate that the addition of a 

chemical flushing agent greatly reduces the time needed to remove each component compared to 

flushing with water alone (i.e. pump and treat). Elution curve (concentration-time) analysis from 

both total extraction and at the down-gradient end of the source zone showed that SDS removed 

all three components from the source zone approximately 10 times faster than HPCD. For the 

extraction port SDS showed slightly more ideal removal in terms of mass flux behavior, 

removing more mass initially before a significant reduction in mass flux was observed. In terms 

of material cost HPCD is more expensive than SDS. Although SDS was superior when evaluated 
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on a recovery basis, HPCD outperformed SDS for all components when compared based on 

contaminant-mass to reagent-mass and moles of contaminant to moles of reagent removed for 

the source zone port. These findings suggest that the selection of a particular flushing agent 

should be evaluated carefully prior to remediation, as the mass flux and removal behavior of 

each component may vary significantly, depending on the flushing agent employed. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 
Introduction 

Spills or leaks of organic chemicals to the environment frequently result in the 

contamination of subsurface soils and groundwater. Documentation of the existence of NAPLs in 

subsurface aquifer systems has been a growing concern for years. These contaminants can be 

released from a variety of sources, particularly from industrial and agricultural processes, and 

often pose a significant threat to human health and the environment. It is important to try and 

recognize the need to return these contaminated aquifers as soon as possible because the 

presence of a NAPL in these aquifers poses as a potential long-term source of pollution. It has 

also become progressively more vital as the demand for clean, potable groundwater sources are 

increasing. The remediation of NAPLs from the subsurface is a complicated task due to the low 

solubility of NAPLs in the subsurface. It becomes further complicated due to the fact that many 

of these waste sites contain multiple contaminant mixtures. Many organic liquids consist of 

multiple compounds, and the solubilization of these multicomponent organic liquids are 

complicated due to the nonideal behavior that they exhibit (e.g., Rostad et al., 1985; Borden and 

Kao, 1992; Chen et al., 1994; Lesage and Brown, 1994; Whelan et al., 1994; Adeel et al., 1996; 

Mukherji et al., 1997; McCray and Dugan, 2002; Burris et al., 2006). The previous research 

evaluating enhanced solubilization agents has been focusing mainly on the factors of 

mobilization and solubilization and a few studies have been on the compositional impacts of 

organic liquids (Khachikian and Harmon, 2000; Oostrom et al., 2006). There has also been very 
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little research solely devoted to examining mass-flux-reduction/mass-removal behavior (e.g., 

Stroo et al., 2003; Brooks et al., 2004; NRC, 2004; Parker and Park, 2004; Phelan et al., 2004; 

Soga et al., 2004; Falta et al., 2005; Jawitz et al., 2005; Fure et al., 2006; Brusseau et al., 2007, 

2008; DiFilippo and Brusseau, 2008) for multicomponent organic liquids (e.g., D’Affonseca et 

al., 2008; Carroll and Brusseau, 2009).   

The quantity and endurance of the contaminant source is a function of the rate of 

volatilization and solubilization of NAPLs to the vapor and aqueous phases (Powers, 1991). A 

NAPL is defined as an immiscible liquid that does not mix easily in water. These liquids can 

persist in subsurface environments as separate phases due to thermodynamic stabilities related to 

their non-polar chemical structure and low aqueous solubility. Complex organic mixtures can 

greatly complicate the determination and quantification of NAPL in soil due to inter-media 

transfer. NAPLs are more likely to absorb to soil or accumulate in pools, blobs and ganglia and 

are often trapped by strong capillary forces within the subsurface making them extremely 

difficult to remediate (NRC, 1994 and 2005).   

Immiscible liquids have low solubility limits, thus making them difficult to remove via 

pump and treat methods. The low solubility limits of immiscible-liquids inhibit the remediation 

process, and is often the limiting factor preventing complete removal of the contaminant from 

the groundwater. The traditional pump-and-treat method commonly used to remediate these 

aquifers is often limited by the rate of dissolution of NAPLs in the aqueous phase. For this 

reason, the presence of NAPL in the subsurface poses as a potential long-term source of 

pollution (Pinder, 1982; Schwille, 1988; Baehr, 1987). The use of enhance flushing can help to 

increase the efficiency of the pump-and-treat method and decrease the amount of time needed to 

completely flush contaminants from the system. This study investigates the effectiveness of two 
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different enhanced-solubilization agents for removing source-zone NAPL compared to standard 

water flushing (i.e. conventional pump-and-treat).   

These series of experiments expands upon the work that was first initiated by Boving and 

Brusseau (2000) who were the first to assess the efficiency of various enhanced-flushing agents.  

The novel approach for this study included 1) the use of a 2-D flow cell (i.e. intermediate-scale) 

to understand more realistic scenarios in which the removal of a relatively small NAPL source 

zone within a much larger saturated domain would be subject to limitations such as NAPL 

bypass flow, dilution, and variability in flow and NAPL-water contact; and 2) understand the 

effectiveness of two enhanced-solubilization flushing agents for the removal of a complex multi-

component NAPL and removal behavior/dynamics for each respective component of the NAPL 

mixture. Previous studies have primarily focused on column experiments whereby the enhanced-

flushing is maximized across the entire contaminated column system. The performance of two 

different enhanced flushing agents was tested using a 2-D flow cell. (Boving and Brusseau, 

2000; Rincon and Tick, 2009; Carroll and Brusseau, 2009; Mahal et al., 2010; Slavic and Tick – 

unpublished). This study directly expands upon work by Slavic and Tick (unpublished -2009) in 

which several enhanced-solubilization flushing agents were examined for the removal of multi-

component NAPL within column systems. As discussed previously, the enhanced flushing 

agents used in this study were utilized to increase the solubility of the various components of a 

multi-component NAPL mixture contaminated system. The multi-component DNAPL source 

consisted of three chlorinated compounds which included dichloroethene (DCE), trichloroethene 

(TCE), and tetrachloroethene (PCE). This specific DNAPL mixture was chosen because these 

three chlorinated compounds are found at many sites across the U.S. and most multi-component 

DNAPL sites include these three compounds. The enhanced-solubilization flushing agents 
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included: a complexing sugar (hydroxypropyl-β-cyclodextrin, HPCD) and an anionic surfactant 

(dodecyl sulfate, sodium salt, SDS).   

This study uses a series of 2-D flow cell experiments to characterize the effectiveness of 

two flushing agents on the removal of an equal mole mixture of DCE, TCE, and PCE in a 

homogeneous porous media. Several tests were used in order to evaluate the effectiveness of 

these flushing agents which include the evaluation of: 1) elution-flushing curves; 2) mass flux 

reduction behavior; 3) Raoult’s law predictions; and flushing efficiency quantified in several 

ways. The contaminant mass flux or mass discharge for a source zone, also referred to as the 

source strength or source function, is now recognized as a primary metric for assessing risk and 

remediation performance (e.g., Schwarz et al., 1998; Einarson and Mackay, 2001; ITRC, 2002; 

Rao et al., 2002; API, 2003; EPA, 2003; SERDP, 2006). Mass flux is a measure of both mass 

removal from the source zone (illustrative of source longevity) and mass delivery to the 

groundwater. Thus, mass flux inter-relates source-zone dynamics and plume dynamics. The 

reduction in mass flux achieved through a mass- depletion effort is a key determinant for 

evaluating the effectiveness of a source-zone remediation due to enhanced flushing techniques. 

NAPL dissolution and mass flux reduction processes will act ideally when the NAPL is 

contained within a homogeneous environment, distributed uniformly, and in full contact with the 

flushing solution. However, the utilization and influence (i.e. contaminant/agent interactions) of 

a specific enhanced-flushing agent on NAPL-contaminant removal processes can result in 

nonideal dissolution and mass-flux reduction behavior. The analyses and results of these 

experiments will help elucidate how the different enhanced-solubilization agents influence the 

removal characteristics and behavior for each particular compound of the multi-component 

NAPL mixture in the system. 
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Objectives 
The most important objectives of this research are: 

1)  Evaluate/quantify the general efficiency of two flushing agents (HPCD and SDS) on 

the removal of three-component (equal-mole mixture) DNAPL mixture (PCE, TCE, 

and DCE) source zone from a saturated homogeneous porous medium system. 

2) Evaluate/quantify whether the particular enhanced-flushing agent will significantly 

influence resulting NAPL-constituent dissolution and mass flux reduction behavior 

(i.e. ideal vs. nonideal characterization). 

3) Evaluate if Raoult’s Law can be used to predict initial and/or long-term dissolution 

behavior (resulting aqueous phase concentrations) for the three-component NAPL 

mixture during each particular enhanced-flushing experiment. Assess how each 

particular enhanced-flushing agent affects resulting initial and long-term aqueous 

phase concentration for the three-component NAPL system. 

The findings from this study will 1) provide a better understanding of how chemical 

enhanced-flushing techniques act to remove complex multi-component NAPL source zones from 

the subsurface-groundwater systems; 2) allow for quantification/assessment of technology 

performance measures to aid in the evaluation of the overall cost/feasibility for particular 

enhanced-flushing agents in comparison to traditional pump-and-treat methods for removing 

NAPL sources from groundwater. 
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CHAPTER 2.  BACKGROUND AND LITERATURE REVIEW 

Background 
 

Dense non-aqueous phase liquids (DNAPLs) have become one of the most recognized 

and ubiquitous contaminants observed in groundwater today. DNAPL compounds are 

characterized by a class of industrial chemicals that represent a major environmental problem 

and cleanup challenge in the modern industrialized world. If allowed to remain in the subsurface, 

DNAPLs will steadily dissolve and contaminate soil and groundwater for years and even 

decades. The removal of DNAPL from the subsurface (i.e. in-situ) is one of the toughest 

challenges facing remediation. DNAPLs represent a major environmental problem at the 

Department of Energy (DOE), Department of Defense (DOD), and private industrial facilities. It 

has been estimated that as many as 25,000 DNAPL contaminant plumes may exist nationwide 

(NRC, 2005). Because DNAPLs are denser than water, they can to migrate through the water 

table and will continue to move downward in unconsolidated or fractured media until either 

pooling above a low permeability zone, or becoming immobilized as residual phase along the 

migration pathway. The residual and/or pooled DNAPL phases within the subsurface are 

typically termed the “source zone.” Drinking water maximum contaminant levels (MCLs) are 

generally orders of magnitude lower than DNAPL aqueous solubilities. Hence, dissolved plumes 

associated with DNAPL source zones can cause pervasive and persistent contamination of 

aquifers for many years.   
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DNAPLs usually tend to adsorb to soils or accumulate in pools, blobs, and ganglia deep 

within the subsurface, often as a residual phase which is trapped within the pore space by 

capillary forces (NRC, 1997). The associated low solubility and dispersed distribution of 

DNAPLs make it difficult to remove completely. Chlorinated solvents pose significant risks to 

our health and the quality of our environment. Many of these solvents have been characterized as 

known or suspect carcinogens and have been documented to cause certain health conditions such 

as respiratory illness and birth defects. Under certain conditions chlorinated solvents can break 

down through reductive dechlorination processes leading to the transformation of more toxic 

forms, posing greater threat to human health and environment. For example, PCE under 

anaerobic conditions PCE can eventually transform to the more toxic vinyl chloride compound. 

Although many NAPL (or DNAPL) contaminated sites include multiple compounds from 

different industrial/manufacturing processes, as mentioned previously, many DNAPL 

contaminated sites and groundwater plumes can contain multiple compounds (i.e. mixtures of 

various chlorinated compounds) through reductive dechlorination processes of a single-

component NAPL. Currently, there is very little research that has focused on the dissolution and 

enhanced removal of mixed-waste systems such as multi-component chlorinated immiscible 

liquid sources in groundwater. Additionally, very little work has been conducted on dissolution 

and enhanced removal of multi-component NAPLs (DNAPL or LNAPL) in general. In order to 

best represent a mixed-waste system, this study used a three-component chlorinated solvent 

mixture as the DNAPL source zone. The motivation for choosing a DNAPL mixture was based 

on the prevalence of such DNAPL at contaminated sites across the U.S. and for the purpose of 

evaluating the dissolution of similar structured/sized chemical compounds (i.e. minimize 

nonideal dissolution effects). Notably, the results of this research can also be applied to the 
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dissolution processes occurring in multi-component LNAPL or DNAPL-LNAPL mixed systems. 

The purpose of this research was to evaluate the effectiveness of a variety of enhanced-

solubilization flushing agents (e.g., complexing sugars and surfactants) for the removal of multi-

component immiscible liquid within physically homogeneous porous media through a 2-D flow 

system. 

Literature Review 
 

Chemically Enhanced Flushing Technologies 
 

In-situ chemical-enhanced flushing is a widely used remediation technique. It facilitates 

the use of chemical agents in the flushing solution to enhance the solubility and mobility of 

contaminants in the groundwater. In order to determine which enhanced flushing techniques 

work best, experiments must be designed and conducted to quantify the optimal scenario to treat 

a site contaminated with complex multi-component NAPL mixtures present. The two enhanced 

flushing agents used in these experiments included a 5 wt% solution of a complexing sugar, 

hydroxypropyl-β-cyclodextrin (HPCD), and a 5 wt% solution of a surfactant, sodium dodecyl 

sulfate (SDS). 

Surfactants. A surfactant is briefly defined as a surface-active agent (compound) that 

can greatly reduce the surface tension of water or interfacial tension between two fluid phases of 

when used in very low concentrations. Surfactant monomers are single molecules that have both 

a hydrophilic and lipophilic moiety. These surfactants monomers are usually organic compounds 

that are amphiphilic because they contain both hydrophobic groups and hydrophilic groups. The 

hydrophobic group (water insoluble) being the tail and hydrophilic group (water soluble) being 

the head. Surfactants reduce the surface tension of water by adsorbing (accumulating) at the 
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liquid-gas interface to achieve conditions of thermodynamic stability (lowest energy state). They 

also reduce the interfacial tension between a NAPL and water by adsorbing at the liquid-liquid 

interface. Under higher concentration, many surfactants can also assemble in the bulk solution 

into aggregates known as micelles. The concentration at which surfactants begin to form micelles 

is known as the critical micelle concentration (CMC). When micelles form in water, their tails 

form a core that can encapsulate a contaminant and/or where a contaminant can partition, and the 

(ionic/polar) heads form an outer shell that maintains favorable contact with the water. These 

spherical surfactants micelle aggregates have high solubilization power but the overall 

remediation performance can be affected by precipitation or sorption of the surfactant in the 

subsurface and contaminated zone (Jafvert, 1991; Brusseau, 1993; Palmer et al., 1992). 

Surfactant reactions in the subsurface are highly sensitive to the environmental conditions such 

as pH, ionic strength of the groundwater solution, and temperature (Edwards et al., 1991; 

Harwell, 1991; Jafvert and Heath, 1991; Sabatini et al., 1996a, 1996b; Boving, 2002). 

Solubilization is increased by organic contaminants partitioning into the interior of the 

micelle, which increases NAPL desorption, NAPL dissolution, and apparent solubility. This 

process is often referred to as micellar solubilization. There are many different parameters that 

affect the degree of solubility including the surfactant structure, aggregation number, ionic 

strength, micelle geometry, solute size, and chemistry (Edwards et al., 1991; Harwell, 1991; 

Jafvert and Heath, 1991; Sabatini et al., 1996a, 1996b; Boving, 2002). Surfactants have also been 

shown to enhance the removal of NAPL by means of mobilization. When surfactants reduce the 

surface tension of the water it allows for displacement of the NAPL from the contaminant 

matrix. It does this by overcoming the capillary forces that help to hold the NAPL in place 

(Abdul and Gibbson, 1991).  
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The American Petroleum Institute (API) and the USEPA were the first to incorporate the 

application of surfactant flushing in 1985. The API conducted a series of experiments using one-, 

two- and three-dimensional laboratory models and two surfactants to remove gasoline from 

sediment.  These studies showed a 60-80% removal rate (API, 1985). The USEPA conducted 

similar studies the same year and their studies produced comparable results. They used batch and 

column experiments to show the removal of crude and polychlorinated biphenyls (PCBs) 

(USEPA, 1985). Subsequent field demonstrations using surfactant solutions for both enhanced-

mobilization and enhanced-solubilization of NAPL sources zones showed removal success 

between about 42-81% (Knox et al., 1999; Childs et al., 2006; McCray et al., 2011). 

Cyclodextrin. HPCD is a complexing sugar, or a polycyclic oligosaccharide molecule 

having a toroidal or lampshade-shaped structure with a hydrophobic interior and a hydrophilic 

exterior. It has a non-polar interior, into which a single molecule of PCE, TCE, or DCE can be 

complexed. However, the enhancement factor varies depending on the contaminant.  

Cyclodextrin, being a sugar, has some inherent advantages for use as a remediation agent. For 

example, it is considered nontoxic to humans, so 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. (1997), cyclodextrin solutions do not appear to harm microbial 

populations. Cyclodextrins experience little to no sorption to aquifer solids (Brusseau et al., 

1994), do not partition appreciably to the NAPL phase (McCray et al., 1998), and do not readily 

precipitate from solution. Therefore, cyclodextrin molecules can be easily removed from the 

subsurface after use, and does not likely affect the aquifers permeability. Cyclodextrin has been 

shown to be insensitive to changes in pH and ionic strength (Wang et al., 1993; McCray et al., 



11 
 

1998). Also, cyclodextrin does not significantly reduce the interfacial tension of the NAPL-water 

interface making it unlikely to mobilize NAPL (McCray et al., 1998; Bizzagotti et al., 1997). 

 

Mass Flux Reduction   
 

As a NAPL moves into the saturated zone, it begins to gradually dissolve into the 

aqueous phase, and creates a contaminant plume. A very small quantity of NAPL contaminant 

will dissolve in the saturated zone and can pollute a large area (TCE solubility: ~1,200 mg L-1: 

TCE Maximum Contaminant Level: 5 µg L-1). This dissolved contaminant plume concentration 

is used as a standard for site assessment and is also helpful in designing an effective remediation 

plan. However, every location varies in respect to plume concentrations and natural field 

conditions, so using plume concentrations to determine efficiency, with which the contaminant is 

removed, becomes difficult to assess. Cleanup of the dissolved plume does not guarantee that the 

source zone will not continue to pollute more groundwater. For instance, one site had 85% of its 

source zone removed and the remaining 15% generated a contaminant plume equal to that of the 

initial concentration (Soga et al., 2004). Therefore, the success of the remediation effort should 

not be based solely on terms of the amount of NAPL removed from the source zone, but by 

measurement of the concentrations in the solute plume generated by mass transfer within the 

NAPL source zone. 

Contaminant mass flux, also referred to as mass discharge, source strength, and mass-

flow rate, is defined as the rate at which dissolved contaminant mass moves across a control 

plane (kg L-2 T-1) (Soga et al., 2004). The fundamental concept of contaminant mass flux, its 
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relationship to mass-removal processes and source-zone properties, and its impact on risk has 

been established for some time (e.g., Fried et al., 1979; Pfannkuch, 1984). 

The slope of the MFR curve determines the rate of the mass flux reduction. Despite 

similar behavior, the rate of mass flux in each stage varies with each specific flushing agent. 

MFR is defined as:  

   
ii

ff

i

f

CQ
CQ

J
J

MFR =−= 1       (2.1) 

where, J is the mass flux (M T-1), Q is the volumetric flow rate (L T-1), C is concentration (M L-

3), and the subscripts i and f represent initial and final, respectively. The above expression (Eq. 

2.1) simplifies to the following equation if volumetric flow rate remains stable during the 

measurements:  

i

f

C
C

MFR −= 1        (2.2) 

This analysis was conducted to evaluate mass flux behavior from a homogeneously distributed 3-

component DNAPL source zone within a 2-D flow cell system using various enhanced-flushing 

agents. There have been many studies done to examine specific relationships between mass flux 

reduction and mass removal (Enfield et al., 2002; Rao and Jawitz, 2003; Brooks et al., 2004; 

Lemke et al., 2004; Parker and Park, 2004; Soga et al., 2004; Falta et al., 2005; Jawitz et al., 

2005; NRC, 2005; Fure et al., 2006; Lemke and Abriola, 2006; Brusseau et al., 2007, 2008; Basu 

et al., 2008; DiFilippo and Brusseau, 2008; Marble et al., 2008; Carroll and Brusseau, 2009; Tick 

and Rincon, 2009). Many of these studies have generally categorized mass flux behavior as ideal 

or nonideal based depending upon the physical heterogeneity of the porous medium (or aquifer) 
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and/or by the immiscible liquid distributed throughout the system. Resulting contaminant mass 

flux from the dissolution of immiscible liquid can be significantly limited in a heterogeneous 

system as the non-uniform distribution of NAPL contaminant helps to limit the dissolution 

process (Tick and Rincon, 2009). This is often characterized as nonideal (inefficient mass 

removal) as shown in Fig. 2.1a.  In nonideal circumstances, mass flux is considerably reduced, 

and as a result, extremely long time cleanup times are required to reduce most of the mass in the 

system. On the other hand, resultant contaminant mass flux from the dissolution of immiscible 

liquid can be maintained appreciably in a homogeneous system and characterized as ideal 

(efficient mass removal) as shown in Fig. 2.1a. In this scenario, ideal mass flux behavior can be 

characterized by fairly extensive maximum mass flux to a point in which almost all of the mass 

is depleted, indicating a more efficient removal process (Fig. 2.1a).  

 A simple mass removal function was used to describe the relationship between mass flux 

reduction and mass removal (DiFilippo and Brusseau, 2008; Tick and Rincon, 2009). This 

approach treats changes in mass flux as a direct function of the change in contaminant mass as 

follows: 

   
n

i

f

i

f

M
M

J
J
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11 







−=−       (2.3) 

where, M is source zone mass [M] and n is a fitting parameter (Fig. 2.1b). The parameter n 

defines the specific mass flux reduction/mass removal relationship incorporating flow field 

dynamics, mass transfer processes, and specific removal dynamics associated with the flushing 

(solubilization) agent itself. Values of n>1 indicate nonideal conditions where mass flux 

reduction begins increasing quickly before a significant fraction of the mass is removed 
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(inefficient mass removal). Values of n<1 indicate ideal conditions in which maximum mass flux 

is maintained until almost all of the mass is depleted in the system (efficient mass removal; Fig. 

2.1b). Other researchers have used similar mass removal approaches to investigate source-zone 

depletion and resulting mass flux behavior for a number of applications (Rao et al., 2002; Zhu 

and Sykes, 2004; Falta et al., 2005; Jawitz et al., 2005; Brusseau et al., 2008; DiFilippo and 

Brusseau, 2008, Tick and Rincon, 2009). The mass flux reduction results of all three flushing 

experiments for each flushing agent are presented in Figures 2.7-3.2. 
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Figure 2.1.  Mass flux reduction relationships from the dissolution of immiscible liquids in 
porous media: a) Theoretical relationship for mass flux reduction (from DiFilippo and Brusseau, 
2008; Tick and Rincon, 2009); and b) mass flux relationships calculated from a simple mass 
removal function. 

 

Remediation of (DNAPLs) is recognized as one of the most important problems 

associated with soil and groundwater pollution. Several alternative technologies have been 

developed to remove DNAPL mass from source zones and to reduce cost of source zone 

treatment. The use of enhanced solubilization agent (ESA) solutions, such as cosolvents, 

surfactants, and cyclodextrins, act to increase mass removal and is a promising strategy for the 

remediation of source zones contaminated by organic liquids (NAPL). Many organic liquids are 

comprised of multiple compounds, and the solubilization of multi-component organic liquids 

may be complicated by nonideal dissolution behavior (e.g., Rostad et al., 1985; Borden and Kao, 

1992; Chen et al., 1994; Lesage and Brown, 1994; Whelan et al., 1994; Adeel et al., 1996; 

Mukherji et al., 1997; McCray and Dugan, 2002; Burris et al., 2006; Carroll et al., 2009; Burke, 

2012). 
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NAPL can appear as either single component liquids or as complex, multi-component 

mixtures of organic compounds, which are slowly released (e.g., partition into soil pore-vapor or 

soil pore-water) from source zones within the vadose or saturated zones to groundwater.  

Quantifying the amount of NAPL in the subsurface is further complicated due to inter-media 

transfer within the soils (i.e. diffusion, adsorption, capillary trapping, etc.) and because of the 

specific physical and chemical properties associated with complex organic mixtures. Specific 

compounds of complex multi-component mixtures distributed in the subsurface may be difficult 

to detect and quantify (USDOE, 2007). 
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CHAPTER  3. ENHANCED SOLUBILIZATION AND REMOVAL OF A MULTI-
COMPONENT DENSE IMMISCIBLE LIQUID FROM HOMOGENEOUS POROUS 

MEDIA WITHIN A 2-D FLOW CELL 
 

Introduction 
 

 Complex multi-component immiscible liquid mixtures can significantly limit the 

effectiveness of groundwater remediation. The use of enhanced-flushing technologies has 

emerged as a technique for the remediation of sites contaminated with immiscible liquids. A 

series of two dimensional (2-D) flow cell experiments was conducted to quantify the 

effectiveness of two different flushing agents on the removal of a uniformly distributed multi-

component immiscible liquid source zone. Specifically, the purpose of this chapter was to assess 

the performance of two different flushing agents on the removal of uniformly distributed non-

aqueous phase liquid mixture of tetrachloroethene (PCE), trichloroethene (TCE), and 

dichloroethene (DCE) from homogeneous media within the flow cell system. The flushing 

agents included one anionic surfactant (dodecyl sulfate, sodium salt) or SDS and one complexing 

sugar agent (hydroxypropyl-β-cyclodextrin) known as HPCD.  These flow cell experiments were 

conducted to quantify the removal of PCE, TCE, and DCE from a rectangular DNAPL source 

zone distributed within a homogeneously packed flow cell. Breakthrough curves, mass removal 

rates (i.e. efficiencies), and mass flux behavior were used to test the effectiveness of the flushing 

agents. This work evaluated the dissolution and mass-flux behavior for a multi-component 
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DNAPL mixture (PCE, TCE, and DCE) source zone under enhanced-flushing scenarios. The 

results of the enhanced-flushing experiments were compared to water flushing conditions (i.e. 

conventional pump-and-treat) in determining source-zone removal effectiveness and efficiency. 

Source-zone DNAPL removal was also evaluated through Raoult’s Law in order to determine 

whether resulting aqueous phase concentrations (initial or long-term) could be predicted by 

equilibrium behavior or whether dissolution ideality was significantly affected by the particular 

flushing agent itself (i.e. SDS, HPCD, or water).  

Materials and Methods 
 

 A stainless steel flow cell was used in all the flow cell experiments. The inner dimensions 

(I.D.) of the flow cell were 39.5 cm x 20.2 cm x 2.7 cm (Length x Height x Depth). The flow cell 

was constructed from a 0.16 cm (1/16-inch) stainless-steel sheet that was cut and welded into a 

rectangle to the dimensions described above. The center of the cell contained a 15 cm x 3 cm x 

2.7 cm (L x H x D) rectangular DNAPL-contaminated source zone of PCE, TCE, and DCE with 

mole mixture ratio of 1:1:1 (i.e. 0.33:0.33:0.33 mole fraction). The contaminants were mixed 

outside of the flow cell and packed into the mold that was removed prior to each flushing.  

Teflon® tape was used to help seal the contact between the flow cell and the glass. A silicon 

sealant was also used to insure the corners of the flow cell would not leak. The sealant consists 

of a GE® Silicon sealant to seal the frame to a 0.95 cm (3/8-inch) tempered glass plate. Four 

inlet/outlet ports were located at each end. One sample port (source-zone port – SZP) was 

located adjacent to the downstream end of the DNAPL source zone and the four outlet ports 

(effluent-side of flow cell) were combined into a single extraction line (extraction port – EP) 

which sampled total integrated (flux-averaged) contaminant concentrations over time. The SZP 

was located on the back of the flow cell and was used to evaluate dissolution and aqueous 
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concentrations just adjacent to the downstream edge of the DNAPL source zone. The flow cell 

was packed with a homogeneous, coarse-grained quartz sand (0.68 mm median grain size, 20/30-

mesh Accusand; Unimin Corporation, LeSueur, MN). The sandy material consisted of a porosity 

of 0.32, a bulk density of 1.78 g cm-3, and an intrinsic permeability of 1.38 x 10-10 cm2.  Particle 

densities and other properties of the sand are listed in Table 3.1. 

Property Value 
*Uniformity coefficient d60/d10 1.184 ± 0.039 
*Mean grain size d50 mm 0.724 ± 0.031 

 Porosity 0.32 
*Bulk density g⋅cm-3 1.78 
*Organic carbon content 0.0003 
*k intrinsic permeability cm2 1.38E-10 
*K hydraulic conductivity cm/sec 1.29E-03 

Note: * from Brusseau et al., 2002. 

Table 3.1. Properties of porous medium (20/30-mesh Accusand) for flow cell experiments. 

 

To best represent a mixed DNAPL waste system, a mixture of chlorinated compounds 

was used for the series of flow cell experiments. Analytical grade trichloroethene (TCE: >99.5% 

purity) was purchased from Sigma-Aldrich Chemical Company.  Cis-1,2-dichloroethene 

(DCE:>99.8% purity), and tetrachloroethene (PCE:99% purity) were purchased by Acros 

Organics. The 1:1:1 PCE/DCE/TCE mole mixture DNAPL was dyed using certified Sudan IV 

(Aldrich Chemical Co., Inc., Milwaukee, WI). Hydroxypropyl-β-cyclodextrin (HPCD; 90% 

purity) was supplied by Cargill Incorporated (Hammond, Indiana). Dodecyl sulfate sodium salt 

(SDS: 85% purity) was purchased from Fisher Scientific.  
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A dense immiscible liquid (DNAPL) contaminant mixture was chosen for several 

reasons. First, the presence of DNAPL contamination is ubiquitous at many hazardous waste 

sites across the U.S., including Department of Defense (DoD) and Department of Energy (DoE) 

waste sites.  Secondly, DNAPL presents unique challenges for remediation due to their ability to 

migrate downward with a higher potential to escape remediation control. Finally, in terms of 

DNAPL contamination, PCE, TCE, and DCE, specifically, represent the most common 

chemicals present at such waste sites across the U.S. For such contamination sites (i.e. with 

DNAPL present), flushing-based remediation technologies relying on enhanced-solubilization 

mechanisms (as opposed to enhanced-mobilization) are preferred so as to minimize concerns of 

downward movement and loss of remediation control. This research is an extension of previous 

studies conducted by Boving and Brusseau (2000), Tick and Rincon (2009), and Slavic (2012 – 

unpublished) and will aid in evaluating the results of this study compared with such previous 

studies. 

Each of the 2-D flow cell experiments was packed under saturated conditions (i.e. ponded 

water). The rectangular stainless-steel source-zone mold (15-cm x 3-cm x 2.7-cm) was 

configured within the center of the flow cell prior to porous medium packing. The flow cell was 

then packed in incremental steps until the porous medium (20/30-mesh- Accusand®) reached the 

height of the glass face. The porous medium matrix was then excavated from the stainless steel 

rectangular mold and a prepared residually-saturated multi-component DNAPL-mixed (i.e. PCE, 

TCE, and DCE) accusand was immediately packed into the source-zone mold in incremental 

steps. The 20/30-mesh accusand porous medium for each DNAPL-distributed source zone, 

prepared in a separate container, was first thoroughly mixed with a pre-determined amount of 

damp sand (moisture content of ~10%) and then subsequently mixed with an amount of 1:1:1 
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mole mixture of PCE/TCE/DCE immiscible liquid (red-dyed Sudan IV) that would yield a 

NAPL residual saturation (Sn) between 10-15%. The multi-component DNAPL was first dyed 

with certified Sudan IV at a concentration of 100 mg L-1 prior to addition to the source zone sand 

mixture. Sudan IV at these concentrations has been shown to have minimal impact on fluid 

properties and behavior (e.g., Schwille, 1988; Kennedy and Lennox, 1997). The DNAPL 

distributed porous medium was then immediately transferred into the source-zone mold where it 

was incrementally packed until it was level with the thickness of the flow cell. The source-zone 

mold was then removed and the tempered glass plate was emplaced over the flow cell (front) and 

sealed and secured using a thick Teflon tape (TEADIT - 0.32-cm thick x 1.90-cm wide; Motion 

Industries, Alabama) and GE® Silicon sealant. This NAPL mixing technique was employed to 

create as uniform as possible distribution of DNAPL within the source zone in order to minimize 

mass flux and elution (dissolution) artifacts due to bypass flow and NAPL fingering effects 

within the source zone itself (Tick and Rincon, 2009). With the flow cell lying flat, the water 

table was slowly raised to fully saturate the source zone region. The flow cell was then raised to 

an upright position and the particular flushing experiment (i.e. water, SDS, HPCD) was initiated. 

The flow rates for the experiments were equivalent to an average pore-water velocity of 

approximately 20 cm hr-1. Many laboratory studies have been conducted at pore velocities of 20 

cm/hr to best represent typical groundwater flow velocity. For all experiments, effluent samples 

were collected with a glass syringe and either analyzed immediately by being injected into glass 

headspace vials and then analyzed using a gas chromatograph (Shimadzu GC-17A) instrumented 

with an AOC-5000 autosampler (Leap Technologies) and a flame ionization detector (FID). 

Samples not analyzed immediately were stored at 4ºC until analyzed on a gas chromatograph 
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(Shimadzu GC-17A) using the same methods as described previously. The quantifiable detection 

limit was 0.1 mg L-1. 

Experimental Procedures 
 

Tracer Experiment. Prior to conducting the series of enhanced flushing experiments and 

the water flush (i.e. pump-and treat scenario), conservative tracer column tests were conducted to 

characterize the hydrodynamic conditions (i.e. pore volume, porosity, Peclet numbers) through 

the porous medium of interest. Pentafluorobenzoic acid (PFBA), the conservative tracer used for 

the set of column experiments, was used to confirm that advection was the dominant transport 

mechanism for the series of dissolution experiments incorporating the homogeneous 20/30-mesh 

sand. A stainless steel column (2.2 cm I.D. x 7 cm length, Alltech) was used for the tracer 

experiment. The column was designed to have minimum void volume in the end plates and was 

fitted with 1-inch opti-flow endfittings. The columns were packed in incremental steps with dry 

porous media to establish uniform bulk density. The column was then saturated from the bottom 

with an electrolyte solution (0.01 N CaCl2·2H2O) using a single piston pump (Lab Alliance, 

Series I) for 48 hours at a rate of 0.03 cm3·min-1. Each column was successively weighed over 

the 48-hour saturation period until the weight stabilized, ensuring complete saturation of the 

porous medium-filled column. The pore volume was calculated by gravimetrically measuring the 

mass of the water retained in the column after complete saturation and adjusting for the dead 

volume associated with the end fittings. The pore volume of the column was determined to be 

8.5 mL and the porosity of the 20/30-mesh sand within the column was 0.32. The conservative 

tracer tests were conducted to confirm that the porous medium packing will result in an 

advection-dominant flow regime for the 2-D flow cell system. 
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A PFBA solution (250 mg L-1) was pumped through the column at a flow rate of 0.50 

cm3 min-1 (linear pore velocity vp = 20 cm hr-1) and continuously analyzed every minute using a 

flow through cell in a UV-Vis spectrophotometer (Shimadzu UV-1700) with a wavelength of 

262 nm. The resulting breakthrough curves (data not shown) were modeled using CFITIM (Van 

Genuchten 1981), a non-linear least squares program, to determine swept pore volume, porosity, 

and Peclet number. The results from the model were consistent with the pore volume and 

porosity determined by gravimetric measurements and confirmed that flow conditions were 

dominated by advective transport. 

 

Figure 3.2.  Placement of the multicomponent PCE, TCE, and DCE source zone. 

 

Enhanced-Solubilization Flushing Experiments.   

The 2-D flow cells were packed under saturated conditions (ponded water). The flow cell 

was packed to a height that coincides with the top boundary of the contaminated source zone (i.e. 
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inner thickness dimension of the flow cell). After emplacing the rectangular stainless-steel 

source-zone mold in the center of the flow cell and incrementally packing the entire system with 

20/30-mesh accusand, the porous medium was excavated from the mold (fig. 3.2) and the 

DNAPL-distributed source-zone material was then added in sequential packing steps (see 

previous section).  A 1:1:1 mole ratio (i.e. 0.33:0.33:0.33 mole fraction) of PCE, TCE, and DCE 

DNAPL was first dyed with certified Sudan IV at a concentration of 100 mg L-1. For the flushing 

experiments, the contaminated source-zone DNAPL distributed sand was prepared in the 

following method.  A 20/30-mesh dry accusand was homogeneously mixed with a pre-

determined volume of 0.01 N CaCl2 · 2H2O within a separate container to establish a 10% 

volumetric water content (θW). The red-dyed DNAPL (1:1:1 PCE:TCE:DCE mole mixture) was 

then homogeneously mixed into the moist sand to achieve a uniform NAPL distribution targeted 

between 10-15% saturation (Sn). This estimate was made based on previous experiments that 

found 40-50% of mass is lost during the preparation of NAPL for saturation (Tick and Rincon, 

2009; Brusseau et al., 2002). To account for the mass loss due to volatilization during mixing 

and packing, a 20% DNAPL saturation was used while mixing the moist sand before packing 

into the rectangular NAPL-contaminant source zone of the flow-cell. Once the contaminated 

DNAPL-distributed sand was prepared, aliquots were transferred to the source-zone mold within 

the flow cell and packed incrementally until it was level with the thickness of the flow cell. Sub-

samples of the contaminated media were collected during packing and subjected to solvent 

extraction to ensure that the saturations were close to the targeted value. The source-zone mold 

was then removed and the tempered glass plate was emplaced over the flow cell (front) and 

sealed and secured. Previous studies have shown that this method of emplacement produces 

relatively uniform distributions of immiscible liquid within the source zone (e.g., Brusseau et al., 
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2000, 2002; Tick and Rincon, 2009). The water table was slowly raised to fully saturate the 

source zone region and then the particular flushing experiment (i.e. water, SDS, HPCD) was 

initiated. For each of the flushing experiments, the particular enhanced-solubilization solution 

was pumped through the flow cell at a flow rate of 6.4 cm3 min-1 (vp = 20 cm hr-1).  Figure 3.3 

shows the configuration for the 2-D enhanced-flushing experiments.   

 

Figure 3.3.  Configuration for the 2-D Enhanced-Flushing Experiments. 

For the enhanced-flushing experiments, 5-wt% concentration of HPCD and SDS were 

prepared in a 0.01N CaCl2 H2O solution. The enhanced flushing agents were maintained during 

flushing until target contaminant concentrations (PCE, TCE, and DCE) were near or below 

detection limits. For all experiments, effluent samples were collected with a glass syringe and  5-

mL subsamples were immediately transferred to a sealed 20-mL headspace vial and either 

analyzed immediately or stored at 4ºC until analysis on the gas chromatograph (Shimadzu GC-
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17A) using a flame ionization detector (FID). The quantifiable detection limits was 0.1 mg L-1.  

An elution curve was obtained from the collected concentrations over time until there was no 

detection of any remaining contaminant in the system. Throughout the experiments there was no 

evidence of NAPL mobilization, indicating that solubilization was the dominant mechanism of 

contaminant removal. The data for each of these experiments are presented in Appendix A.   

Results and Discussion 

Elution Behavior  

In general, similar elution trends were observed for all of the 2-D flow cell enhanced-

dissolution experiments. The general elution behavior usually has four stages: (1) a rapid rise of 

the effluent concentrations, (2) steady-state dissolution, (3) a decline in concentrations described 

as transient-state dissolution, and (4) tailing until experiment termination. Despite similar 

behavior, the rate of removal in each stage varies with each specific flushing agent.    

Properties 5-wt% HPCD 5-wt% SDS Water 
NAPL Saturation (%) 14.0 9.0 8.4 

Mass of NAPL Removed (mg)* 8,604 5,534 5,390 
Volume of NAPL Removed (mL)* 6.1 3.9 3.6 

Flow Cell Pore Volume (cm3)a 768 768 768 
Darcy Velocity (cm⋅min-1) 6.4 6.4 6.4 

Density of solution (g⋅cm-3) 1.01 1.006 1 
M.W. of reagent (g⋅mole-1) 1,365 288 18 

Note:  *Estimated initial mass of NAPL in the flow cell due to volatilization losses during packing as calculated by  
integrating under the elution curves using moment analysis technique. 

           aCalculated by gravimetric methods, incorporating determined porosities and flow-cell dimensions. 
 

Table 3.2. Physical properties and conditions of each flow cell experiment. 

Each experiment shows the relative concentration plotted against the number of pore 

volumes. The relative concentration of each contaminant is calculated using the aqueous 

solubility of each contaminant and the concentration of the effluent. Dividing the effluent 
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concentration by the aqueous solubility of each separate compound gives the relative 

concentration. Table 3.2 gives the physical properties and conditions of each flow cell 

experiment. 

 

Figure 3.4. Elution curve for flushing residual PCE, TCE, and DCE with Water (total integrated 
effluent). 

 Water Flushing. Figure 3.4 shows the total effluent elution curve for the water flush 

experiment. The three contaminants never reached their respective solubility limits so the 

relative concentration was calculated using the highest solubility achieved in the total effluent 

samples during the water flush. DCE and TCE showed an initial increase in aqueous-phase 

concentration followed by a relatively steady decline in aqueous-phase concentration until they 

were nearly completely removed from the system. PCE elution was initiated at a lower 

concentration 4.83 mg L-1 and then increased in concentration following the removal of DCE 

until it reached maximum concentration 24.62 mg L-1 at about 20 pore volumes (PVs). 

Concentrations then began a steady decline until PCE was below detection limits at about 320 
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pore volumes (163 hours). Figure 3.5 shows the samples that were taken from the source-zone 

port (SZP) located just adjacent to the down-gradient side of the DNAPL-contaminated source 

zone. Samples were collected and analyzed at this location to examine dissolution processes 

occurring directly adjacent to the source for comparison of aqueous concentrations resulting at 

the integrated effluent port located on the flow-cell (down-gradient or total extraction boundary) 

left-side boundary (Figure 3.3). Similar to the normalization of effluent concentration mentioned 

previously, the SZP concentrations were normalized to the maximum target contaminant 

obtained during flushing (i.e. relative concentration). Contaminant concentrations analyzed from 

the integrated extraction-effluent port are expected to be lower primarily due to dilution and to 

some extent from bypass flow effects. The DCE and TCE concentration profiles are consistent to 

that observed from the integrated effluent concentration profiles. However, the PCE 

concentration data shows that there was a longer pronounced steady state period (~ 40-75 PVs) 

observed for the SZP (compared to the effluent profile) followed by a sharp decline in 

concentration and then  a long period of concentration tailing (~75-230 PVs) until the 

termination of the experiment. Removal at the source zone required about 100 fewer pore 

volumes that that observed in the integrated-effluent port. The observed steady-state phase 

indicates that, for the SZP (adjacent to the source zone), the low-solubility component (PCE) 

contained enough mass and interfacial area to maintain steady-state conditions for this location. 

Furthermore, this indicates that role of dilution on the lower-solubility component at this 

proximity is reduced. The concentration of the high-solubility component DCE declines rapidly 

in less than 20 PVs whereby the detection limit is reached. The intermediate-solubility 

component TCE initially increases slightly (~0-20 PVs), followed by a short gradual decrease in 
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concentration (20-30 PVs) and then a rapid decrease in concentration until detection limits were 

reached (65 PVs). 

 

 

Figure 3.5. Elution curve for flushing residual PCE, TCE, and DCE with Water (source zone 
port - SZP). 
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Figure 3.6. Elution curve for flushing residual PCE, TCE, and DCE with a 5-wt% solution of 
HPCD (total integrated effluent). 

HPCD Flushing.  As shown in figure 3.6, the 5-wt% HPCD solution dramatically 

increased the solubility of the three contaminants (PCE, TCE, and DCE).  For the purposes of 

this study, the solubility enhancement is defined and calculated by comparing  the maximum 

enhanced concentration of the respective target contaminant (during enhanced-flushing) to the 

maximum concentration obtained during water flushing (for respective integrated-effluent or 

SZP flushing) as follows: 

max

max

WF

EF

C
CE =        (3.1) 

Where, E is the enhancement factor, CEF
max is the maximum concentration of target contaminant 

during enhanced flushing [mg L-1], and CWF
max is the maximum concentration of target 

contaminant during water flushing [mg L-1]. 
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The maximum enhanced concentration for all target contaminants (PCE, TCE, and DCE) 

was achieved quickly (within 5 PV of flushing ) followed by steady declines in concentration 

until experiment termination wherein detection limits were reached. Additional samples were 

taken to insure that all of the contaminant had been removed during flushing. As expected, DCE 

(highest-solubility component) showed the greatest rate of concentration decline and was 

removed from the systems in the least time (~20 PVs). A very short concentration tailing period 

(~15-20 PVs) was observed until DCE detection limit was reached. TCE (intermediate-solubility 

component) exhibited a steady intermediate rate of concentration decline with a lack of 

concentration tailing phase until termination of flushing (~60 PVs). For TCE and DCE, in terms 

of removal time (PVs) specifically, the HPCD enhanced flushing experiment did not improve 

removal efficiency even though the concentrations were enhanced by factors of 6 and 4.5, 

respectively. This suggests that the rate of concentration decline for TCE and DCE under HPCD 

flushing was reduced compared to the water flush alone. This could also be due to the fact that 

the initial DNAPL saturation (i.e. mass) for the HPCD experiment was slightly higher than that 

of the water flush (Sn of 14% vs. 8.4%). However, PCE showed a greater relative enhancement 

(E=10) compared to that of DCE and TCE. PCE was removed from the flow cell system in a 

third of the time (PVs) it took for the water flush experiment. PCE concentrations initially 

increased rapidly and then declined at a relatively low rate until a prominent concentration tailing 

phase (~ 75-110 PVs) occurred until the end of the experiment when detection limits were 

reached. 
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Figure 3.7. Elution curve for flushing residual PCE, TCE, and DCE with a 5-wt% solution of 
HPCD (source zone port - SZP). 

 

 As observed in figure 3.7, very similar target contaminant concentration elution behavior 

was observed from the SZP as the total integrated effluent port effluent samples during the 

HPCD flushing experiment. However, total enhancement factors for PCE, TCE, and DCE were 

reduced slightly (i.e. E = 3.5, 2.1, and 3.6, respectively) compared that calculated from the total 

integrated effluent port. This may suggest that higher maximum target concentration were 

obtained during the water flush thereby acting to decrease the enhancement by the normalization 

process. Regardless, this data suggests that under the conditions of the HPCD flushing 

experiment, similar elution behavior was observed independent of the proximity of sampling 

location to the DNAPL source zone. Again, the higher initial DNAPL source-zone saturation for 

the HPCD flush may limit dissolution through the source zone as a result of reduced 

permeability (i.e. high DNAPL saturation zone) and increased bypass flow. This may cause 



33 
 

resulting concentrations at the SZP to be lower than expected compared to that measured in the 

total integrated port. 

 

Figure 3.8. Elution curve for flushing residual PCE, TCE, and DCE with a 5-wt% solution of 
SDS (total integrated effluent). 

 

 SDS Flushing. The total integrated elution concentrations curves for the target DNAPL 

contaminants (PCE, TCE, and DCE) during SDS (5-wt%) flushing is shown in figure 3.8. The 

concentration of the contaminants quickly approach maximum concentrations after 

approximately 1 PV, followed by steady decreases of concentrations until SDS flushing was 

ceased. A lack of a steady-state phase and lack of concentration tailing was observed (Figure 

3.8). The relative enhancement factors for the target contaminants were significantly greater than 

that of the HPCD flushing experiments. The highest-solubility component, DCE, showed the 

lowest overall enhancement (E=5.5) compared to TCE and PCE (E= 18.5 and 58, respectively). 

However, PCE, the lowest-solubility component, exhibited a significant solubility enhancement 
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(E= 58) with concentrations approaching about 1,440 mg L-1 during the SDS flushing 

experiment. The maximum enhanced solubilization effect was close to 58 times greater than that 

produced during the water flush. The time (PVs) required to remove the contaminant 

components during the SDS flush was significantly reduced in comparison to the HPCD and 

water flushes. Similar to the HPCD flush, PCE showed the greatest relative enhancement 

compared to the higher solubility components (TCE and DCE). The SDS flush removed DCE 

(highest-solubility component) from the system after only about 7 PVs, a dramatic improvement 

in removal effectiveness compared to the HPCD and water flush experiments. 

 

Figure 3.9. Elution curve for flushing residual PCE, TCE, and DCE with a 5-wt% solution of 
SDS (source zone port - SZP). 

 

 The target contaminant concentration (PCE, TCE, and DCE) profiles measured from the 

SZP exhibited notably different behavior than that from the total integrated effluent port (TIEP). 

Enhanced relative concentrations for all compounds were lower than that observed from the 

TIEP. However, PCE showed the most dramatic effects, showing relative concentration 

Pore Volume (PV) 
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enhancement about 10 times lower than that observed in the TIEP (SZP E~13 vs. TIEP E~58). 

The highest concentration of PCE in the water flush was very low (25 mg/L in the total 

integrated effluent port sample and 72 mg/L in source zone port samples) in the water flush. 

However, the highest concentration (SDS-enhanced) measured in the source zone port was still 

approximately 3 times larger than that measured from the total integrated effluent port. This 

explains why the highest relative enhanced concentration (E) recorded in the TIEP during the 

SDS flush is around 58 while the highest relative enhanced concentration (E) for the SZP was 

about 10. Similar to the behavior of the other flushing experiments, the SZP target concentration 

elution profiles show that the contaminant concentrations remained above detection limits longer 

near the source zone (i.e. SZP) than they did from the integrated effluent stream (i.e. TIEP). 

During this SDS-flush and based on detection limits, TCE took twice as long to remove as 

observed from the SZP compared to the TIEP. The total integrated effluent TCE concentrations 

decrease below detection limits after approximately 5.5-PVs while the SZP TCE concentrations 

were detected until about 12-PVs. Similarly, PCE concentrations were also detected longer 

within the SZP (i.e. near source zone) than from the TIEP. PCE concentrations decreased below 

detection limits from the TIEP around 7.5-PV compared to approximately 14-PVs from the SZP. 

These differences are likely due to the fact that concentration measured from the TIEP include a 

larger volume of “clean” flushing solution which contributes to greater dilution of the samples 

compared to those samples collected from the SZP. This is clearly observed as the contaminants 

reach lower concentrations, making it difficult to detect the contaminants still remaining in the 

system. The source zone samples were taken adjacent (down-gradient) to the residual-

contamination source zone, and therefore reflect dissolution processes occurring next to the 
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DNAPL-source boundary with less significant dilution effects and, generally, higher associated 

concentrations (compared to total integrated effluent samples).     

All of the enhanced-dissolution experiments exhibited similar elution trends. There were 

only slight differences in concentrations, and differences in the times (i.e. PVs) needed to 

remove the contaminants to the detection limits from the system for each of the sampling ports. 

The general elution behavior showed four stages: (1) a rapid rise of the effluent concentrations, 

(2) a decline in concentrations described as transient-state dissolution (lack of steady-state 

elution phase, except for Water flush SZP), and (3) tailing or constant decrease until detection 

limits were reached (experiment termination). Despite these similar behaviors, the rate of 

removal in each stage varied with respect to each specific flushing agent (Water, HPCD, and 

SDS). The concentration of each contaminant in the system reached its maximum concentration 

rather quickly during each flushing experiment and decreased in concentration relatively rapidly 

until reaching detection limits at which time it was assumed that the majority of the contaminant 

mass had been removed. Solvent extractions of the source zone after all experiments concluded 

confirmed that the majority of contaminant mass was removed as all concentrations were below 

detection limits. 

Mass Removal Effectiveness  

Normalized Mass Recovery 

In order to evaluate the effectiveness of each flushing agent several criteria have to be 

used. Table 3.2 summarizes the experimental conditions of the flow cell experiments. In these 

experiments the water flush data was used as a baseline and best represent the contaminant 

removal (elution) conditions of a traditional pump-and-treat system. Comparison of normalized 
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contaminant mass recovery is one method to evaluate the removal effectiveness and efficiency 

for the particular flushing agent (i.e. Water, HPCD, and SDS). Specifically, normalized 

contaminant mass recovery analysis compares the incremental mass per time of the contaminant 

removed to the total contaminant mass removed over the duration of flushing (i.e. normalizing 

the mass solubilized per pore volume to the total mass solubilized). For these analyses, it is 

assumed that the mass removed from the total integrated effluent profiles represent the total 

contaminant mass in the system (confirmed by solvent extractions as described in previous 

section). Figures 3.10-3.15 show the results for the normalized contaminant mass recoveries for 

the various flushing experiments. With the aid of moment analysis, the cumulative mass 

removed was calculated for each time interval (each sample interval) and divided by the total 

mass removed for each experiment. 

Overall, a general trend was observed in that the high-solubility component (DCE) was 

effectively removed first, followed by TCE (intermediate-solubility component), and finally PCE 

(low-solubility component) from all flushing experiments. Normalized mass removal tailing was 

observed most significantly for the lowest-solubility component (PCE) and to a lesser extent for 

TCE (higher degree of tailing in order from the lowest to highest-solubility component; 

PCE>TCE>DCE).  

As expected, the water flush was least effective for contaminant mass removal and most 

notable for PCE, the lowest solubility compound (Figures 3.10 and 3.11). For DCE and TCE, 

complete normalized mass recovery was achieved in approximately 20 and 60 PVs, respectively 

(for both TIEP and SZP). However, it took 220 - 350 PVs (depending on sampling port; TIEP~ 

350 PV and SZP~220 PV) to completely remove PCE from the system in terms of normalized 

mass recovery. For the HPCD flush, insignificant differences in normalized mass recovery were 
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observed for TCE and DCE compared to that produced from the water flush (Figures 3.12 and 

3.13). For DCE and TCE, complete normalized mass recovery was achieved in approximately 20 

and 60 PVs, respectively (for both TIEP and SZP). This indicates that, at least for the conditions 

of these flow cell experiments, there was no measurable improvement in removal effectiveness 

for the higher-solubility components (DCE and TCE) for HPCD compared to water (TIEP or 

SZP). In terms of cost efficiency, the added cost of HPCD material would render HPCD flushing 

less effective. However, a notable improvement in normalized mass recovery for PCE (lowest-

solubility component) was observed for the HPCD flush compared to water flushing. For PCE, 

HPCD flushing took nearly half the time to completely remove mass from the system (110-130 

PVs (depending on sampling port; TIEP~ 110 PV and SZP~130 PV). The highest rate of mass 

contaminant mass removal (i.e. steep slopes) was observed from SDS-flushing, whereby PCE, 

TCE, and DCE were all removed from the system within the first 10-15 PVs (TIEP and SZP) 

(Figures 3.14 and 3.15). Clearly, the high-solubilization power agent, SDS, was most effective at 

mass removal when evaluating in terms of normalized mass recovery. 
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Figure 3.10. Normalized recovery of solubilized PCE, TCE, and DCE for Water flush (total 

integrated effluent). 

 

Figure 3.11. Normalized recovery of solubilized PCE, TCE, and DCE for Water flush (source 
zone port - SZP). 
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Figure 3.12. Normalized recovery of solubilized PCE, TCE, and DCE for HPCD flush (total 
integrated effluent). 

 

Figure 3.13. Normalized recovery of solubilized PCE, TCE, and DCE for HPCD flush (source 
zone port - SZP). 
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Figure 3.14. Normalized recovery of solubilized PCE, TCE, and DCE for SDS flush (total 
integrated effluent). 

 

Figure 3.15. Normalized recovery of solubilized PCE, TCE, and DCE for SDS flush (source 
zone port - SZP). 
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Contaminant Mass to Reagent Mass Recovery.  

Another way to evaluate the effectiveness of the flushing agents is to calculate the mass removal 

of the contaminants per unit mass of the flushing agent. This is important for the evaluation of 

overall cost of the remediation activity, reagent, and the total amount of flushing solution that 

will be needed to effectively remediate a site. The normalized mass ratio (mass of PCE, TCE, 

and DCE removed at each pore volume interval divided by the total mass) was divided by the 

cumulative mass of agent flushed through the flow cell at each pore volume. The mass-

contaminant to mass-reagent removal efficiency results of the flushing experiments are shown in 

Figures 3.16 and 3.21.  

Although the water flush was least efficient for contaminant removal, similar trends for 

the other flushing agents (HPCD and SDS) were observed, whereby PCE and TCE showed most 

efficient removal and DCE showed relatively inefficient removal when evaluated using this 

approach (Figures 3.18 and 3.17). It should be noted, that the removal efficiency for DCE for all 

flushing experiments was negligible. The water flush was approximately 5-35 times less efficient 

than the HPCD and SDS flushing experiments for the removal of PCE and TCE when analyzed 

for the total integrated effluent port (TIEP) (Table 3.3). For the SZP, the water flush was 1.5-5 

times less efficient than HPCD and SDS for the removal of PCE and TCE.  In terms of PCE and 

TCE removal efficiency from the TIEP, the HPCD flush was 8.5 and 5 times more efficient than 

the water flush, respectively (Figures 3.18 and 3.19). For the SZP, the HPCD flush was 3 (PCE) 

and 2 (TCE) times more efficient than the water flush (Table 3.3). The SZP shows PCE peaking 

higher (greater maximum efficiency) than it did in the TIEP. The SDS flush resulted in the 

greatest efficiency of all flushing agents, reaching maximum efficiency after nearly one pore 

volume of flushing as opposed to about 10 PVs for the HPCD flush and 20 PVs for the water 
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flush (Figures 3.20 and 3.21). Similar to the other flushing experiments, the maximum efficiency 

during the SDS flush was maintained for a short period of time, sharply declining as contaminant 

mass is removed and tailing conditions become more pronounced. The decrease is most likely 

due to the reduction of the residual mass of PCE and TCE in the flow cell whereby maximum 

solubilization cannot be maintained due to the significant depletion of contaminant mass. In 

terms of PCE and TCE removal efficiency from the TIEP, the SDS flush was 35 and 12 times 

more efficient than the water flush, respectively (Figure 3.20 and Table 3.3.). For the SZP, the 

SDS flush was 5 (PCE) and 1.5 (TCE) times more efficient than the water flush (Figure 3.21). 

The SDS flushing experiment had a much higher increase in efficiency for PCE due to the SDS 

solubilization enhancement factor of PCE being almost 58 compared to only 10 for the HPCD 

flushing experiment (results measured from TIEP). Interestingly, the SDS flush resulted in a 

much higher contaminant-mass to reagent mass removal efficiency from the TIEP than that 

measured from the SZP. This is likely due to the differences in magnitude of total contaminant 

mass removed per incremental time step and may further be affected by non-ideal dissolution 

effects (i.e. bypass flow, reduced permeability) associated with the source zone. The efficiencies 

measured from the SZP during the SDS flush were similar to that measured from the SZP during 

the HPCD flush. This may suggest that dissolution effects, associated with the source zone, were 

influencing the mass removal efficiency behavior similarly at the SZP. 
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Flush Type Efficiency – Total Integrated Effluent Port 
- DCE × improved TCE × improved PCE × improved 

Water - - 0.065 - 0.02 - 
HPCD - - 0.325 5 0.17 8.5 
SDS - - 0.8 12.3 0.7 35 

Flush Type Efficiency – Source Zone Port  
- DCE × improved TCE × improved PCE × improved 

Water - - 0.17 - 0.06 - 
HPCD - - 0.3 1.75 0.2 3.3 
SDS - - 0.25 1.5 0.325 5.4 

 

Table 3.3. Improved effectiveness of enhanced flushing over Water flushing for “mass 
contaminant to mass-reagent removal” efficiency approach. 

 

 

 

Figure 3.16. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for Water flush (total integrated effluent). 
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Figure 3.17. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for Water flush (source zone port - SZP). 

 

Figure 3.18. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for HPCD flush (total integrated effluent). 
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Figure 3.19. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for HPCD flush (source zone port - SZP). 

 

Figure 3.20. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for SDS flush (total integrated effluent). 
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Figure 3.21. Normalized mass of solubilized PCE, TCE, and DCE recovered per unit mass of 
flushing agent for SDS flushing experiment (source zone port - SZP). 

Contaminant Moles to Reagent Moles Recovery. 

The results of the flushing experiments were also compared based on the moles of PCE, 

TCE, and DCE removed per moles of chemical reagent used. These analyses were conducted by 

calculating the cumulative moles of PCE, TCE, and DCE removed (using moment analysis) per 

cumulative moles of flushing agent removed for each pore volume. These analyses provide a 

quantitative relationship between the number of molecules of contaminant that are removed 

based on each molecule of the flushing agent used (removed). This is important for the 

evaluation of overall cost of the remediation activity, reagent, and the total amount of flushing 

solution that will be needed to effectively remediate a site. The moles-contaminant to moles-

reagent removal efficiency results of the flushing experiments are shown in Figures 3.22-3.27. 

 As expected, the water flush was less efficient at contaminant removal compared to the 

enhanced-flushing experiments (HPCD and SDS) when evaluated on a mole of contaminant to 
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mole of reagent basis (Figures 3.22 and 3.23). The water flush was approximately 66-467 times 

less efficient than the HPCD and SDS flushing experiments for the removal of PCE, TCE, and 

DCE when analyzed for the total integrated effluent port (TIEP) (Table 3.4). For the SZP, the 

water flush was 18-273 times less efficient than HPCD and SDS for the removal of PCE, TCE, 

and DCE. Relatively low removal efficiency improvements were observed for HPCD and SDS 

flushes for the SZP. One notable difference with the contaminant-mole to reagent-mole removed 

analysis was that DCE removal was most efficient (maximum magnitude) for all flushing cases 

and PCE and TCE showed noticeably lower removal efficiency with PCE being the lowest. This 

is in fact opposite to what was observed for removal efficiency based on the mass-contaminant to 

mass-reagent analyses. However, when comparing water flushing results with enhanced-reagent 

results, similar removal efficiency trends exist to that observed for the mass-contaminant to 

mass-reagent approach. The HPCD flush improved the removal (mole-to-mole basis) of PCE, 

TCE, and DCE by factors of 467, 310, and 185 times, respectively compared to that of the water 

flush (TIEP) (Figure 3.24). For the SZP, the HPCD flush was 160 (PCE), 120 (TCE), and 273 

(DCE) times more efficient than the water flush (Figure 3.25 and Table 3.4). Once again, the 

SDS flush produced the greatest improvement in terms of mole-contaminant to mole-reagent 

removed for the removal efficiency analysis. Although, the greatest magnitude (i.e. highest peak) 

of efficiency resulted from DCE, the highest solubility component, the greatest relative 

improvement (i.e. comparison to water flushing results) resulted for lower-solubility components 

(TCE and PCE), with PCE showing greatest overall relative improvement. This was similar to 

the results observed for the SDS flush when evaluated in terms of mass-contaminant to mass-

reagent basis. The SDS flush improved the removal (mole-to-mole basis) of PCE, TCE, and 

DCE by factors of 400, 170, and 66 times, respectively compared to that of the water flush 
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(TIEP) (Figure 3.26). For the SZP, the SDS flush was 54 (PCE), 21 (TCE), and 18 (DCE) times 

more efficient than the water flush (Figure 3.27 and Table 3.4). The efficiency improvement 

results for the SZP were relatively low compared for the SDS flush compared to that measured 

from the TIEP. Overall, there was not a significant improvement in removal efficiency between 

SDS and HPCD (at least for the SZP). These trends were also similar to that quantified from the 

mass-contaminant to mass-reagent efficiency analysis. 

 

 

 

 

 

Flush Type Efficiency – Total Integrated Effluent Port 
- DCE × improved TCE × improved PCE × improved 

Water 0.000065 - 0.00001 - 0.000003 - 
HPCD 0.012 185 0.0031 310 0.0014 467 
SDS 0.0043 66 0.0017 170 0.0012 400 

Flush Type Efficiency – Source Zone Port  
- DCE × improved TCE × improved PCE × improved 

Water 0.000055 - 0.000025 - 0.00001 - 
HPCD 0.015 273 0.003 120 0.0016 160 
SDS 0.00099 18 0.00052 20.8 0.00054 54 

 

Table 3.4. Improved effectiveness of enhanced flushing over Water flushing for “mole-
contaminant to mole-reagent removal” efficiency approach. 
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The cyclodextrin (HPCD) flushing experiment demonstrated a higher performance ratio 

(mole-to-mole efficiency improvement) than the surfactant (SDS) flush. In terms of mole-

contaminant to mole-reagent removal efficiency analysis it would be expected that, to some 

degree, HPCD might show improvements over SDS flushing. Due to the fact that the enhanced 

contaminant solubilization requires formation of surfactant micelles (moiety), a relatively larger 

number of surfactant molecules (monomers) are needed (≥ critical micelle concentration, CMC) 

to initiate contaminant removal by solubilization processes. For surfactants, this effect would 

tend to reduce the mole-contaminant to mole-reagent efficiency compared to other reagents. For 

instance, cyclodextrin (HPCD) generally forms a 1:1 inclusion complex to partition one 

molecule of the organic contaminant into its interior of one molecule of HPCD.  Since the 

effective concentrations for both SDS and HPCD were identical (5-wt%) during flushing, it 

might be speculated that HPCD would show efficiency improvements over SDS. However, for 

assessing efficiency improvement it is also important to consider the how many molecules of 

contaminant can partition or complex to the molecule or moiety itself. The greater number of 

contaminant molecules able to “react” with the molecule or moiety would have an effect of 

increasing removal efficiency. Based on this analysis, any reduction in efficiency due to more 

molecules of reagent needed could be offset by the relative increased number of contaminant 

molecules able to partition or complex to the reagent. Since surfactants have the capability of 

solubilizing (partitioning) many contaminant molecules within a single micelle moiety (in 

contrast to the 1:1 contaminant-reagent complex of HPCD) it is reasonable to conclude that the 

results can be, to some extent, explained  by this effect. 

Interestingly, the SDS flush resulted in notably higher contaminant-mole to reagent mole 

removal efficiency from the TIEP than that measured from the SZP. This is likely due to the 
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differences in magnitude of total contaminant moles removed per incremental time step and may 

further be affected by non-ideal dissolution effects (i.e. bypass flow, reduced permeability) 

associated with the source zone. The efficiencies measured from the SZP during the SDS flush 

were similar to that measured from the SZP during the HPCD flush. This may suggest that 

dissolution effects, associated with the source zone, were influencing the mass removal 

efficiency behavior similarly at the SZP. 

 

 

Figure 3.22. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for Water 
flush (total integrated effluent). 
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Figure 3.23. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for Water 
flush (source zone port - SZP). 

 

Figure 3.24. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for HPCD 
flush (total integrated effluent). 
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Figure 3.25. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for HPCD 
flush (source zone port - SZP).  

 

 

Figure 3.26. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for the SDS 
flush (total integrated effluent). 
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Figure 3.27. Moles of PCE, TCE, and DCE solubilized per moles of flushing agent for the SDS 
flush (source zone port - SZP).  

Equilibrium Dissolution Behavior - Raoult’s Law Analysis 

The quantification of equilibrium solubilization of chemical mixtures was developed 

from thermodynamic studies (Burris and MacIntyre, 1985).  When organic-liquid mixtures are 

comprised of compounds with similar size and functional groups they are considered ideal 

(NAPL-phase activity coefficient is equal to unity).  Raoult’s Law is used to describe ideal 

equilibrium dissolution.  Raoult’s Law was used to help predict equilibrium concentrations in the 

aqueous phase in contact with immiscible-liquid mixtures (Banerjee, 1984; Burris and 

MacIntyre, 1985; McCray and Brusseau, 1998, 1999; McCray and Dugan, 2002; Burke, 2012). 

Raoult’s Law states that the solubility of a compound is equal to its molar fraction in the solution 

times its pure-phase solubility (Moeller, 1980).  As noted in Feenstra et al. (1991), the effective 

solubility (SEi) [mg L-1] of each component of a mixture can be expressed mathematically as: 
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       N
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Where, Xi
N is the NAPL-phase molar fraction of component i in a mixture [-], Si is the pure-

phase solubility limit of component i [mg L-1], and γi
N is the NAPL-phase activity coefficient [-]. 

For ideal NAPL mixtures γi
N is assumed to be equal to unity. The molar fraction is the 

percentage of each component (i) within the mixture based on its molecular weight instead of 

directly on the component mass as follows: 

   
T

i
i m

m
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Where, mi is the number of mole of component i in the mixture [moles] and mT is total sum of 

moles [moles] for the mixture. The sum of all the component (i) effective solubility values (SEi) 

in an equilibrated mixture is equal to the total solubility of the mixture, and the sum of all the 

molar fractions (Xi) is equal to 1. The density and vapor pressure of a mixture, like solubility, 

may be calculated using molar fractions. 

Enhanced Solubilization of Organic-Liquid Mixtures 

The enhanced-solubilitity agent (ESA) solution’s enhancement of a single-component 

organic-liquid constituent can be defined as (e.g., Ji and Brusseau, 1998): 

O
A

O
EO

i S
SE =         (3.4) 

Where, Ei
O is the solubility enhancement factor for the single-component organic liquid in the 

presence of the ESA, SA
O is the single component’s (i) solubility limit [mg L-1], and SE

O is the 

pure component’s (i) enhanced (apparent) solubility [mg L-1]. For cyclodextrin solutions, the 

enhanced equilibrium solubility is a function of the cyclodextrin concentration expressed as: 
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Where, CCD is the aqueous concentration of cyclodextrin [mg L-1], and KCW is the partition 

coefficient of the solute (i) between cyclodextrin and water [L mg-1]. Alternatively, the 

enhancement factor (Ei
O) can be expressed as a function of the cyclodextrin concentration and 

the solute’s partition coefficient between cyclodextrin and water as: 

CDCW
O
i CKE += 1        (3.6) 

For ideal dissolution, the value of Ei in a multi-component NAPL system is the same as that 

measured for a single-component NAPL system Ei
O (Ei = Ei

O) since activity NAPL phase 

activity coefficients are unity. The cyclodextrin (i.e. HCPD) enhanced solubility Raoult's Law 

expression can be further expressed by substituting Eq. (3.2) into the multicomponent version of 

Eq. (3.4) or (3.5) for an ideal organic-liquid mixture as (Ji and Brusseau, 1998; McCray and 

Brusseau, 1999): 

O
i

N
i

O
A

O
E EXSS =        (3.7) 

Similar to that for cyclodextrin, enhanced apparent solubilization due to the presence of 

surfactant solution can be described as (Ji and Brusseau, 1998): 

( )[ ] O
i
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O
E ESCMCCKSS =−+= 1     (3.8) 

Where, KM is the partition coefficient of solute (i) between the surfactant micelle and water [L 

mg-1], CMC is the critical micelle concentration [mg L-1], and C is the concentration of the 

surfactant [mg L-1] (when C>CMC). For ideal dissolution, the value of Ei in a multi-component 

NAPL system is the same as that measured for a single-component NAPL system Ei
O and 

therefore reduces to a form identical to equation (3.7). 
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The flushing results for contaminant aqueous-phase concentrations, for Water, HPCD and 

SDS experiments, as predicted by Raoult’s Law, can be observed in Figures 3.28-3.30.  These 

figures were constructed to evaluate if multi-component dissolution behavior under the 

conditions of these experiments was ideal. Overall, Raoult’s Law over-predicted the aqueous 

phase contaminant concentrations for all of the experiments. Raoult’s Law over-predicted the 

initial Water flush concentrations for PCE, TCE, and DCE by factors of about 2.3, 4.2, and 1.5, 

respectively.  It is clear that Raoult’s Law cannot be used for robust prediction, however, other 

studies indicate predictions within 2-3 times of the observed concentration are generally still 

considered to behave ideal in terms of dissolution (McCray and Brusseau, 1998, 1999; 

Schwarzenbach et al., 2003). Raoults’s Law prediction indicates that as DCE is depleted, the 

concentrations, and removal rate, of TCE and PCE increase in succession due to their increasing 

mole fractions. These effects can be observed by the Raoult’s Law prediction analysis over the 

duration of the flushing experiments (time-series) (Figures 3.28-3.30). Raoult’s Law prediction 

for the temporal concentration profiles could not reasonably match observed data which suggests 

that as mole fractions are depleted over the duration of flushing, non-ideal dissolution effects 

may be enhanced. For the HPCD flushing experiment, Raoult’s Law predicted the initial DCE 

and TCE concentration reasonably well, but under-predicted the observed initial concentration of 

PCE by a factor of approximately 4. Again, Raoult’s Law’s inability to match for the temporal 

concentration profiles may enhance non-ideal dissolution effects as component mole fraction 

decrease during flushing. For the SDS flushing experiment, Raoult’s Law over-predicted the 

initial DCE and TCE concentration by factors of approximately 2.6 and 3, respectively. Raoult’s 

Law analysis did reasonably well at predicting initial PCE concentration. However, Raoult’s 

Law could not accurately represent the temporal concentration profiles which may indicate that 
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as mole fractions are depleted over the duration of flushing, non-ideal dissolution effects may be 

enhanced. 

 

Figure 3.28. Observed aqueous phase contaminant concentrations vs. predicted concentrations 
(Raoult’s Law) for the Water flushing experiment (SZP). 

 

Figure 3.29. Observed aqueous phase contaminant concentrations vs. predicted concentrations 
(Raoult’s Law) for the HPCD flushing experiment (SZP). 
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Figure 3.30. Observed aqueous phase contaminant concentrations vs. predicted concentrations 
(Raoult’s Law) for the SDS flushing experiment (SZP). 

Mass Flux Behavior 

Enhanced aqueous PCE, TCE, and DCE concentration data was used to calculate mass 

flux measurements.  In each flushing experiment, mass flux reduction was plotted against 

cumulative mass reduction.  This displays the reduction in effluent mass flux as the mass of the 

contaminants decrease throughout the flushing process.  For each of these experiments, the mass 

flux curve may result in a steady-state period in which the mass flux does not change under the 

conditions that there is sufficient mass and NAPL/water interfacial area in the system to produce 

prolonged sustained maximum aqueous phase concentrations.  Typically this behavior will be 

followed by a reduction in mass flux until most of the contaminant mass is depleted or until 

detection limits are reached. Under ideal removal conditions, a significant reduction in mass flux 

will occur when most of the contaminant mass is removed from the system.  
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In general, the mass flux reduction (MFR) behavior during the Water flush was relatively 

nonideal where mass flux reduction begins early before significant contaminant mass is 

removed. However, the Water flushing MFR results were slightly more ideal (in terms of 

removal) than that observed from the total integrated effluent port (TIEP) (Figures 3.31 and 

3.32).  Differences in MFR behavior is expected depending upon the proximity of the sampling 

port (i.e. monitoring well) to the NAPL source. Samples collected near NAPL source zone would 

be expected to maintain maximum solubility concentrations longer (i.e. steady-state phase) if 

sufficient mass and NAPL/water contact area is high enough. Furthermore, sample contaminant-

concentrations collected further from the sources zone (i.e. TIEP) are expected to be controlled 

by dilution and potential NAPL bypass flow effects, resulting in different MFR (likely less idea) 

removal behavior. TCE showed significant initial MFR, but as flushing progressed and mass was 

removed for all contaminant components, the MFR behavior for all contaminants was relatively 

constant and consistent after approximately 20% of the respective contaminant was removed 

(TIEP) (Figure 3.31). For the SZP, PCE and TCE MFR-profiles were more ideal in terms MFR 

behavior and contaminant removal, whereby higher mass flux was maintained longer until a 

point at which nearly half of the contaminant’s mass was depleted.  Due to the high-solubility 

characteristics of DCE, the speed of contaminant removal (SZP) was significant. Since much of 

the DCE mass was removed within the sampling interval of the experiment the MFR-profile and 

behavior is difficult to assess. Extremely short sampling intervals would be required to capture 

the full removal characteristics in terms of MFR. Extrapolated (dashed-lines) MFR profiles for 

DCE are shown in figure 3.32 demonstrating typical range of behaviors that could exist.  

The enhanced-flushing experiments (HCPD and SDS), for the most part, displayed 

relatively nonideal MFR behavior (TIEP and SZP) for all target contaminant compounds (PCE, 
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TCE, and DCE), whereby notable mass flux reduction (MFR) occurred as flushing was initiated 

and prior to significant mass removal from the system. Relatively constant MFR was observed 

until all of the target contaminants masses were completely removed from the system. Although 

the MFR results were very consistent (removal and mass flux reduction rates) for both the HPCD 

and SDS flushing experiments, DCE showed slightly pronounced nonideal MFR behavior effects 

throughout the flushing experiments (except for SDS-TIEP). However, the SDS MFR behavior 

observed from the TIEP was notably different compared to the SZP and the other experiments. 

First, the initial MFR behavior was significantly more ideal (removal) for all target contaminants 

maintaining higher mass flux longer as contaminant mass removal progressed during flushing. 

Only when about 30-40% of the target contaminants’ mass was removed a significant reduction 

in mass flux occur. The rate of mass flux reduction was high until a point at which about 40-60% 

of the target contaminants’ mass was removed at which point a low MFR persisted until all of 

the contaminants masses were removed (Figure 3.35). In contrast to the removal order or MFR-

ideality observed in the other experiments, PCE, in this case (SDS-SZP), showed the greatest 

nonideal MFR behavior and DCE was most ideal in terms of MFR removal. Interestingly, the 

overall results of the MFR analysis for the SDS flush (SZP) showed greater nonideality than that 

observed from the TIEP. This behavior and removal characteristics may have resulted by the 

relatively high solubilization power and rapid mass removal rate associated with SDS. These 

nonideal MFR effects may have been enhanced by the initial fast contaminant removal 

conditions leading to an early flushing condition whereby a significant portion of the mass was 

hydraulically inaccessible to the flushing agent (i.e. or slow access and/or limited NAPL/water 

interfacial area). Other than these conditions, NAPL bypass flow may have been more significant 

leading to the more nonideal MFR behavior observed in the SZP as compared to the TIEP. 
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Figure 3.31. Mass flux reduction curve for the Water flush (total integrated effluent). Mass flux 
reduction as a function or fractional mass removal. 

 

Figure 3.32. Mass flux reduction curve for the Water flush (source zone port - SZP). Mass flux 
reduction as a function or fractional mass removal.  Red doted lines show possible path of DCE. 

Cumulative Mass Reduction 

Cumulative Mass Reduction 
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Figure 3.33. Mass flux reduction curve for the HPCD flush (total integrated effluent). Mass flux 
reduction as a function or fractional mass removal.  

  

Figure 3.34. Mass flux reduction curve for the HPCD flush (source zone port - SZP). Mass flux 
reduction as a function or fractional mass removal. 

Cumulative Mass Reduction 
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Figure 3.35. Mass flux reduction curve for the SDS flush (total integrated effluent). Mass flux 
reduction as a function or fractional mass removal. 

 

Figure 3.36. Mass flux reduction curve for the SDS flush (source zone port - SZP). Mass flux 
reduction as a function or fractional mass removal. 

Cumulative Mass Reduction 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 
 

 Subsurface soil and groundwater contamination occurs frequently due to spills or leaks of 

liquid organic contaminants. There is a large number of contaminated waste sites that contain 

mixtures of organic NAPLs. Effective remediation of NAPLs from subsurface aquifer systems is 

a concern. These contaminants are released from various sources, particularly from industrial and 

agricultural processes, and may pose a significant threat to human health and the environment. It 

has become progressively more imperative that these contaminants be removed from the 

subsurface as the demand for clean, potable groundwater sources increasing. The use of 

enhanced flushing agents to help remove contaminants from porous media has shown promising 

results as an alternative technology to the basic pump-and-treat method. However, since many of 

the chemical flushing agents not having been studied intensively, little is known about their 

usefulness in removing contaminant mass from these systems. The experiments conducted by 

this study utilized an enhanced-solubilization approach that should more effectively remediate 

non-aqueous phase liquids (NAPLs) source zones and the resulting dissolved-phase 

contamination. Most NAPL-contaminated sites contain more than one contaminant in the 

subsurface which further complicates the removal process. Therefore, tests performed in this 

study included a multi-component mixture of three chlorinated solvents.   
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 The solubilization agents investigated included a 5 wt% solution of a complexing sugar, 

hydroxypropyl-β-cyclodextrin (HPCD), and a 5 wt% solution of a surfactant, sodium dodecyl 

sulfate (SDS). 2-D flow cell experiments demonstrated significant solubility enhancement and 

increased rates of mass-removal for a three-component organic liquid. Implying that the addition 

of a chemical flushing agent greatly reduces the time needed to remove each component 

compared to flushing with water alone (i.e., pump-and-treat). Elution curve (concentration-time) 

analysis or both total extraction and at the down-gradient end of the source zone showed that 

SDS removed all three components from the source zone much faster than in the HPCD flush. 

The SDS flush removed DCE (highest-solubility component) from the system after only about 4 

PVs, a dramatic improvement in removal effectiveness compared to the HPCD and water-flush 

experiments. During the HPCD flush, PCE was removed from the flow cell system in a third of 

the time (PVs) it took for the water-flush experiment. PCE showed the greatest maximum 

enhanced solubilization effect during the SDS flush, reaching a peak concentration that was 

almost 60 times greater than in the water flush.   

The mass flux observations for all experiments showed similar results. The enhanced-

flushing experiments (HCPD and SDS), for the most part, displayed relatively nonideal mass 

flux reduction (MFR) behavior (TIEP and SZP) for all target contaminant compounds (PCE, 

TCE, and DCE), whereby notable MFR occurred as flushing was initiated and prior to significant 

mass removal from the system. The samples taken from the extraction port, during the SDS 

experiment, showed slightly more ideal removal in terms of mass flux behavior, removing more 

mass initially before a significant reduction in mass flux was observed. The contaminants 

behaved ideally at the beginning of each flush, but as more mass was removed, behavior became 

more nonideal.   
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In order to evaluate the effectiveness of each flushing agent, several criteria have to be 

used (i.e., normalized mass removal, contaminant-mass to reagent mass, and moles of 

contaminant to moles of reagent). Normalized mass removal tailing was observed most 

significantly for the lowest-solubility component (PCE) and to a lesser extent for TCE (higher 

degree of tailing in order from the lowest to highest-solubility component; PCE>TCE>DCE).  

For DCE and TCE, complete normalized mass recovery was achieved in approximately 20 and 

60 PVs, respectively (for both TIEP and SZP). This indicates that, at least for the conditions of 

these flow cell experiments, there was no measurable improvement in removal effectiveness for 

the higher-solubility components (DCE and TCE) for HPCD compared to water flushing(TIEP 

or SZP). The highest rate of mass contaminant mass removal was observed from SDS-flushing, 

whereby all three contaminants were removed from the system within the first 10-15 PVs (TIEP 

and SZP).  The high-solubilization flushing agent, SDS, was most effective at mass removal 

when evaluated in terms of normalized mass recovery. In terms of cost efficiency, the added cost 

of HPCD would render HPCD flushing less desirable.   

Another way to evaluate the effectiveness of the flushing agents is to calculate the mass 

removal of the contaminants per unit mass of the flushing agent. PCE and TCE showed the most 

efficient removal and DCE showed relatively inefficient removal when evaluated using the mass 

removal approach. The removal efficiency for DCE for all flushing experiments was negligible. 

The SDS flush resulted in the greatest contaminant removal efficiency of all flushing agents, 

reaching maximum efficiency after nearly one pore volume of flushing, as opposed to about 10 

PVs for the HPCD flush and 20 PVs for the water flush.    

One noteworthy difference in contaminant flushing behavior observed for the 

contaminant-mole to reagent-mole removed analysis was that DCE removal was most efficient 
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(maximum magnitude) for all flushing experiments with PCE and TCE showing noticeably 

lower removal efficiencies with PCE’s being the lowest. This is opposite to what was observed 

for removal efficiency based on the mass-contaminant to mass-reagent analyses. When 

comparing water flushing results with enhanced-reagent results, similar removal efficiency 

trends exist to those observed for the mass-contaminant to mass-reagent approach. Although 

SDS was superior as a flushing agent when evaluated on a recovery basis, HPCD outperformed 

SDS for all contaminants when compared based on contaminant-mass to reagent-mass analysis 

and on moles of contaminant to moles of reagent removed for the source zone port.   

This study contributes to a better overall understanding of the differences in how water, 

SDS and HPCD flushing agents help remove contaminants from the subsurface. Enhanced 

flushing techniques help decrease the amount of time needed to remove NAPL contaminants 

from groundwater and can help clean drinking water supplies and protect human health. By 

studying various flushing technologies in the lab, researchers can find out which techniques work 

best for the type of contaminants present in the aquifer and can better predict and evaluate NAPL 

removal mass and rate. The findings of this study suggest that the selection of a particular 

flushing agent should be evaluated carefully prior to remediation, as the mass flux and removal 

behavior of each contaminant may vary significantly, depending on the flushing agent employed.   
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Flushing Experiment – PCE, TCE, and DCE with WATER 
(Total Integrated Effluent) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
1 20 6.4 0.17 4.83 12.84 69.91 

 2 40 6.4 0.33 16.73 79.54 485.07 
 3 60 6.4 0.50 13.64 67.20 439.96 
 4 90 6.4 0.75 12.79 61.91 407.63 
 6 160 6.4 1.33 11.99 56.54 359.23 
 7 220 6.4 1.83 13.67 63.19 366.90 
 8 280 6.4 2.33 13.27 59.43 318.74 
 9 240 6.4 2.00 12.72 55.52 281.08 
 10 360 6.4 3.00 12.25 53.30 215.79 
 11 840 6.4 7.00 20.34 69.18 50.83 
 12 1200 6.4 10.00 24.53 72.06 21.48 
 13 1560 6.4 13.00 24.94 66.33 17.32 
 14 1920 6.4 16.00 23.99 59.65 

  15 2370 6.4 19.75 24.62 54.16 
  16 2790 6.4 23.25 20.94 39.28 
  21 3125 6.4 26.04 22.93 37.98 
  29 4575 6.4 38.13 20.36 17.26 
  30 4785 6.4 39.88 20.86 15.04 
  31 5280 6.4 44.00 22.44 10.86 
  37 5880 6.4 49.00 20.50 6.08 
  43 6240 6.4 52.00 20.03 4.24 
  44 6720 6.4 56.00 20.07 2.99 
  50 7800 6.4 65.00 17.81 1.13 
  62 11280 6.4 94.00 13.95 

   70 11940 6.4 99.50 13.64 
   80 14230 6.4 118.58 12.08 
   89 16280 6.4 135.67 9.40 
   100 18210 6.4 151.75 8.08 
   110 19970 6.4 166.42 7.38 
   120 21840 6.4 182.00 6.66 
   131 24940 6.4 207.83 5.99 
   139 26000 6.4 216.67 5.26 
   149 27795 6.4 231.63 4.69 
   161 30605 6.4 255.04 3.82 
   169 32130 6.4 267.75 3.47 
   200 38520 6.4 321.00 3.37 
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Flushing Experiment – PCE, TCE, and DCE with WATER 
(Source Zone Port) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
9 290 6.4 2.42 55.98 194.22 748.93 

13 1190 6.4 9.92 51.48 202.95 34.15 
20 3120 6.4 26.00 59.89 161.06 

 23 3360 6.4 28.00 68.83 129.23 
 24 3830 6.4 31.92 62.98 124.90 
 27 4080 6.4 34.00 66.67 117.40 
 28 4570 6.4 38.08 71.63 95.61 
 31 4785 6.4 39.88 70.47 75.78 
 32 5280 6.4 44.00 70.59 46.80 
 34 4785 6.4 39.88 67.08 35.25 
 38 6240 6.4 52.00 70.87 17.73 
 41 6720 6.4 56.00 66.85 10.76 
 52 8182 6.4 68.18 24.91 

  61 11275 6.4 93.96 24.26 
  69 11940 6.4 99.50 20.65 
  81 14235 6.4 118.63 22.02 
  90 16285 6.4 135.71 20.83 
  109 19968 6.4 166.40 18.97 
  140 26005 6.4 216.71 17.67 
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Flushing Experiment – PCE, TCE, and DCE with HPCD 
(Total Integrated Effluent) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
1 80 6.4 0.67 210.07 468.49 2119.06 
5 150 6.4 1.25 187.34 379.87 1288.61 
9 213 6.4 1.78 198.24 384.00 1039.56 

13 270 6.4 2.25 198.52 374.13 887.58 
15 300 6.4 2.50 247.48 452.06 847.92 
17 360 6.4 3.00 200.68 348.35 554.52 
19 420 6.4 3.50 199.24 309.46 396.11 
23 440 6.4 3.67 169.92 222.64 264.36 
29 615 6.4 5.13 181.59 197.63 218.50 
31 860 6.4 7.17 173.61 154.32 174.87 
33 1045 6.4 8.71 142.47 87.31 112.36 
39 1550 6.4 12.92 98.15 64.64 95.53 
43 1895 6.4 15.79 82.73 55.92 90.84 
45 2080 6.4 17.33 51.40 37.06 

 49 2675 6.4 22.29 37.76 28.59 
 51 2855 6.4 23.79 34.30 23.36 
 53 3170 6.4 26.42 32.99 20.07 
 54 3420 6.4 28.50 24.68 13.00 
 58 4145 6.4 34.54 23.71 10.70 
 60 4770 6.4 39.75 22.91 8.76 
 62 4810 6.4 40.08 23.30 8.21 
 63 4960 6.4 41.33 20.24 5.42 
 65 5505 6.4 45.88 19.26 4.28 
 68 5730 6.4 47.75 14.70 2.70 
 70 6255 6.4 52.13 13.74 1.82 
 72 6930 6.4 57.75 10.75 1.44 
 74 7275 6.4 60.63 9.13 1.09 
 77 7600 6.4 63.33 8.03 

  79 8170 6.4 68.08 6.59 
  82 8710 6.4 72.58 5.02 
  83 9025 6.4 75.21 3.76 
  85 9830 6.4 81.92 3.92 
  89 10705 6.4 89.21 3.42 
  91 11220 6.4 93.50 3.38 
  95 12005 6.4 100.04 3.37 
  97 12555 6.4 104.63 3.38 
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Flushing Experiment – PCE, TCE, and DCE with HPCD 
(Source Zone Port) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
2 90 6.4 0.75 40.36        182.68     2734.69 
6 150 6.4 1.25 207.26 414.44 1772.96 

10 215 6.4 1.79 236.10 425.62 1201.28 
14 270 6.4 2.25 244.91 418.17 904.21 
16 300 6.4 2.50 236.51 385.84 671.60 
18 360 6.4 3.00 247.69 375.15 524.45 
24 440 6.4 3.67 253.00 333.10 310.18 
30 615 6.4 5.13 241.75 217.20 167.97 
34 1045 6.4 8.71 165.88 89.96 100.91 
38 1400 6.4 11.67 112.16 53.30 87.36 
44 1895 6.4 15.79 90.81 41.40 

 46 2080 6.4 17.33 80.76 32.64 
 54 3420 6.4 28.50 33.00 20.07 
 56 3890 6.4 32.42 27.43 15.59 
 58 4145 6.4 34.54 24.68 13.00 
 60 4770 6.4 39.75 23.71 10.70 
 62 4810 6.4 40.08 22.91 8.76 
 70 6255 6.4 52.13 14.70 2.70 
 72 6930 6.4 57.75 13.74 1.82 
 74 7275 6.4 60.63 10.75 1.44 
 78 7605 6.4 63.38 16.81 

  82 8710 6.4 72.58 6.59 
  100 13245 6.4 110.38 3.38 
  106 14272 6.4 118.93 3.47 
  108 14825 6.4 123.54 3.41 
  110 15635 6.4 130.29 3.45 
  

       
       
       
        



81 
 

Flushing Experiment – PCE, TCE, and DCE with SDS 
(Total Integrated Effluent) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
1 30 6.4 0.25 50.67 78.61 577.08 
3 60 6.4 0.50 920.04 1081.51 2160.90 
5 90 6.4 0.75 799.85 1165.49 2658.73 
7 120 6.4 1.00 1439.66 1478.52 2002.54 
9 150 6.4 1.25 695.88 734.75 912.45 

11 180 6.4 1.50 580.79 596.29 688.11 
15 240 6.4 2.00 514.08 463.37 417.67 
17 270 6.4 2.25 504.42 454.40 360.48 
21 330 6.4 2.75 479.63 330.36 232.27 
25 420 6.4 3.50 231.33 135.81 178.85 
27 480 6.4 4.00 134.44 62.82 

 29 540 6.4 4.50 154.39 74.96 
 31 600 6.4 5.00 117.36 49.83 
 33 660 6.4 5.50 73.17 23.40 
 37 860 6.4 7.17 37.00 

  39 1030 6.4 8.58 22.02 
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Flushing Experiment – PCE, TCE, and DCE with SDS 
(Source Zone Port) 

Sample 
Number 

Cumulative 
Time (min) 

Flow 
Rate 

(ml/min) 

Cumulative 
Pore 

Volume 
Concentration 

PCE (mg/L) 
Concentration 

TCE (mg/L) 
Concentration 

DCE (mg/L) 
8 185 6.4 1.54 907.81 1068.27 2562.63 

10 215 6.4 1.79 904.98 817.90 1077.53 
14 270 6.4 2.25 640.71 451.21 377.13 
16 300 6.4 2.50 515.25 328.05 284.11 
20 420 6.4 3.50 298.53 158.97 195.27 
24 440 6.4 3.67 198.30 101.98 179.05 
28 565 6.4 4.71 238.91 110.32 173.31 
30 615 6.4 5.13 123.59 45.59 

 34 1045 6.4 8.71 84.86 23.55 
 38 1400 6.4 11.67 55.58 13.40 
 40 1550 6.4 12.92 34.29 
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Comparison figure including the three flushing conditions for PCE 
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