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ABSTRACT 

The objective of this study was to investigate the long-term, low-concentration 

elution tailing of organic contaminants from a naturally heterogeneous (poorly sorted) 

aquifer material, with a specific focus on characterizing the relative contributions of rate-

limited sorption/desorption, physical-heterogeneity-related processes, and rate-limited 

dissolution of nonaqueous phase liquids. The results obtained for the first component of this 

three-part study indicate (1) sorption of trichloroediene by the aquifer material was relatively 

small; (2) sorption/desorpfion of trichloroethene was found to be nonlinear and rate-limited, 

contributing to low-concentration elution tailing; (3) the overall dispersion associated with 

the poorly sorted aquifer material was relatively large, also contributing to the tailing 

observed for the contaminant; and most interestingly, (4) trichloroethene elution curves 

obtained after significant flushing in the higher-fines aquifer material exhibited greater 

tailing than those obtained with minimal flushing, suggesting temporal variability of the 

porous medium dispersive properties. These changes appear to associated with the fines 

firaction of the aquifer material, and are possibly related to chemical weathering effects. This 

condition-dependent elution behavior has potentially significant ramifications for evaluating 

the transport behavior of contaminants in porous media, especially with regard to 

characteriidng the nature and rates of mass-transfer processes. In the second part, the relative 

contributions of core-scale structuring versus those of rate-limited sorption/desorption to the 

observed nonideal transport of trichloroethene were examined. The results of these 

experiments were analyzed using a mathematical model incorporating multiple sources of 

nonideal transport. The results indicate that both physical and chemical factors, specifically 
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rate-limited diffusive mass transfer associated with nonuniform flow conditions and rate-

limited sorption, respectively, contribute to the nonideal trichloroethene transport observed 

for the undisturbed cores. In the third part, the long-term, low-concentration elution behavior 

associated with dissolution of immiscible-liquid phase trichloroethene was investigated. The 

complete dissolution of trichloroethene was successfully simulated using a combined, multi

process mathematical model. A comparison of these results to those discussed above 

suggests the low-concentration elution tailing observed in the dissolution experiment is 

associated with rate-limited sorption/desorption. This study clearly indicates that multiple 

sources of nonideal transport behavior must be considered to fully and accurately 

characterize contaminant transport in the subsurface. 



CHAPTER 1. INTRODUCTION 

Research Problem 

Knowledge of a contaminant's transport and fate behavior in subsurface systems is 

necessary to evaluate contamination potential, conduct risk assessments, and for the selection 

of effective remediation technologies. The results of laboratory experiments and field-scale 

observations indicate that extensive concentration tailing associated with nonideai transport 

behavior is often observed when contaminated systems are flushed with water (pump and 

treat) or air (soil venting). Pump and treat, the most commonly applied remediation 

technology in the United States (NRC, 1994), works to flush out contaminants, often 

requiring a very large amount of water, resulting in predicted clean-up times using pump and 

treat to a few years, tens of years, and even thousands of years. Clean up criteria for 

remediation strategies, typically equal to the drinking water standard of tiie contaminant, 

elucidate tfie need for investigations into the mechanisms contributing to low-concentration 

contaminant elution behavior. 

It has long been recognized that multiple nonequilbrium processes associated widi 

both physical and chemical factors can contribute to nonideai transport behavior (i.e. 

contaminant transport behavior can not be described using the well-known advective-

dispersive equation), as shown by the results of several experiments (Brusseau et al., 1989; 

Brusseau and Rao, 1990; Zurmiihl et al., 1991; Brusseau, 1992; Bourg et al., 1993; Gaber 

et al., 1995). For example, the nonideai transport of organic contaminants in porous media, 

specifically contaminant elution tailing, has been attributed to several mechanisms, including 

heterogeneity of the porous media, diffusion-limited and/or rate-limited interactions of the 
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solute with the sorbent, nonlinear sorption, and rate-limited dissolution of nonaqueous phase 

liquids. Accurate understanding of contaminant transport behavior would require knowledge 

of the relative contributions of these various factors. A thorough investigation into 

potentially responsible mechanisms contributing to long-term, low-concentration 

contaminant elution behavior in porous media has not been previously reported in the 

literature. 

Literature Review 

Effect of Rate-Limited Sorption/Desorption on Nonideal Transport Behavior 

The uptake or release of organic compounds (e.g. sorption/desorption) by natural 

particles has long been recognized as one of the most significant mechanisms influencing 

transport of organic contaminants in the subsurface. A natural porous medium can be 

described simply as having soil particles, cemented grains, macropores, micropores 

(generally less than two nanometers in diameter) within the individual particle, and organic 

material. Sorption of organic compounds can occur within any one of these soil components 

and can include van der Waals, dipole-dipole, dipole-induced dipole, and hydrogen bonding. 

All of these interactions are considered weak and spontaneous at the microscale (Pignatello 

and Xing, 1996). However, the uptake or release of organic compounds by natural particles 

has been shown by many researchers to be rate-limited (Karickhoff, 1984; Wu and 

Gschwend, 1986; Brusseau and Rao, 1989; Pignatello, 1990; Ball and Roberts, 1991; 

Brusseau et al., 1991 a,b; Pavlostathis and Jaglal, 1991; Pavlostathis and Mathavan, 1992; 

Coimaughton et al., 1993; Grathwohl and Reinhard, 1993; Hu et al., 1995; Pignatello and 
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Xing, 1996). This rate-limited mass-transfer process has long been recognized as one of the 

primary mechanisms constraining the removal of organic contaminants from porous media. 

An extensive review of the literature reveals only a few investigations have examined 

the longer-term kinetic behavior of sorption/desorption. Specifically, long-term elution 

tailing has been observed for several miscible-displacement experiments conducted with 

low-sorbing solutes (Grathwohl and Reinhard, 1993; Young and Ball, 1994; Culver et al., 

1997; Fesch et al., 1998; Miller et al., 1998), wherein hundreds of pore volumes of flushing 

was required to completely remove the contaminants, despite their small retardation factors. 

For example, approximately 200 pore volumes of flushing was required to reach detection 

limits for elution of trichloroethene (R = 4) from a field-contaminated aquifer material 

(Culver et al., 1997). Similarly, the complete removal of lindane (R = 3) from a sandy 

aquifer material required approximately 200 pore volumes of flushing (Miller et al., 1998). 

One potential, and as yet unexamined, consequence of the extensive flushing 

associated with such long-term elution events is a change in physical and/or chemical 

properties of the porous medium. Such changes may include the dispersion and transport of 

fine particles or colloids (e.g. Chen and Banin, 1975), and chemical weathering, including 

precipitation or dissolution of minerals (e.g. Clow and Drever, 1996). Given that 

hydrodynamic processes are mediated by physical/chemical properties of the porous media, 

it is possible that solute transport behavior could be affected by the extensive flushing 

associated with long-term elution tailing if such flushing did alter porous-media properties. 

Clearly, temporal variability of hydrodynamic properties would complicate the 

characterization and quantification of contaminant elution behavior. 
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The objective of the study presented in Appendix A was to investigate long-term, 

low-concentration elution behavior of dissolved-phase organic contaminants from a naturally 

heterogeneous (poorly sorted) aquifer material, with a specific focus on the impacts of 

dispersion and sorption/desorption. Miscible-displacement experiments were conducted 

wherein the elution tailing of trichloroethene, the representative contaminant, was monitored 

until it was no longer detectable in the aqueous effluent samples. The resulting elution waves 

comprise concentration changes spanning 5 to 7 orders of magnitude. The results of 

trichloroethene elution were analyzed using two mathematical models, one incorporating the 

widely used two-domain approach, and one using a log-normal, continuous-distribution 

approach. The impact of hydrodynamic processes, and potential changes in attendant 

dispersivities, was evaluated by conducting multiple non-reactive tracer tests for each 

column as well as sequential trichloroethene miscible-displacement experiments. 

Effect of Local-Scale Physical Heterogeneity on Nonideal Transport Behavior 

The major processes contributing to nonideal transport of contaminants through 

porous media include transport-related and sorption-related (discussed above) phenomena. 

Transport-related phenomena (often referred to as physical nonequilibrium) are due to 

hydrodynamic dispersion and/or slow exchange of solute between mobile and immobile 

water (Brusseau, 1993; Pignatello and Xing, 1996). The mechanisms potentially responsible 

for this nonideal behavior include axial, film (considered by many researchers to be 

insignificant as compared to other potential mechanisms), and intraparticle diffusion 

(associated with aggregated porous material potentially present in the core), as well as mass 
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transfer associated with variable-flow domains in the undisturbed aquifer material. 

Contributions to dispersion at the microscopic scale (pore scale) include axial (longitudinal 

diffusion) due to a concentration gradient and hydrodynamic dispersion due to pore size 

variations. Under advective flow conditions, dispersion is often controlled by mechanical 

mixing in the system and diffusive contributions (for example, under laboratory conditions) 

are most often not rate-limiting (Pignatello and Xing, 1996) and usually assumed negligible. 

Factors affecting dispersion at the macroscopic scale (local scale) include structured media 

such as aggregated or fractured media, and discontinuous fluid saturation. It is important to 

note that physical nonequilibrium, known to affect the transport of both sorbing and 

nonsorbing contaminants, can cause non-ideal transport behavior appearing very much like 

the nonequilibrium transport caused by sorption-related processes. In contrast, sorption-

related nonequilibrium conditions affect only sorbing solutes. The relative importance of 

nonequilibrium conditions whether physical or sorption-related depends greatly on the 

degree of heterogeneity and the type of particles that make up the porous media (Pignatello 

and Xing, 1996). 

Numerous miscible-displacement experiments have shown that local-scale physical 

heterogeneity of a porous medium (e.g., aggregation, stratification, and/or fracturing) can 

result in nonideal transport behavior (e.g., Passioura, 1971; Passioura and Rose, 1971; 

Bouma and Anderson, 1977; van Genuchten and Wierenga, 1977; Rao et al., 1980; Nkedi-

Kizza et al., 1982; Seyfried and Rao, 1987; Herr et al., 1989; Singh and Kanwar, 1991; 

Wildenschild et al., 1994; Reedy et al., 1996). The typical approach to laboratory 

characterization of contaminant transport behavior employs bulk samples of porous media 



collected from the field site. Laboratory studies typically involve the homogenization (i.e., 

mixing) of these bulk samples, followed by sieving to exclude the larger particles. These 

processed subsamples are then uniformly packed into columns for miscible-displacement 

experiments. It is common to employ parameters obtained from these laboratory experiments 

for field-scale transport and fate studies. Clearly, the typical homogenization approach is 

unable to capture the effect of local-scale porous-media structure on transport behavior. 

One approach to investigate the transport behavior of contaminants in porous media 

that maintains the natural structure of the system is to collect and employ intact cores for 

miscible-displacement experiments. Many researchers have investigated transport of 

contaminants in such undisturbed systems. However, an extensive review of the literature 

reveals that these experiments have been conducted primarily with soils collected from 

agricultural fields (Cassel et al., 1974; McMahon and Thomas, 1974; Anderson and Bouma, 

1977; Tyler and Thomas, 1981; Smith et al., 1985; Seyfiied and Rao, 1987; Khan and Jury, 

I990;Zurmiihletal., 1991;Tindalletal., 1992; Wildenschildetal., 1994; Gaberetal., 1995; 

Starrett et al., 1996; Camobreco et al., 1996; Reedy et al., 1996; Cote et al., 1999). 

Conversely, few researchers have investigated the transport behavior of contaminants in 

undisturbed aquifer cores (Ptacek and Gillham, 1992; Bourg et al., 1993; Carmichael et al., 

1999; Setarge et al., 1999). Furthermore, few of these transport studies include comparisons 

of results obtained for the undisturbed systems to those obtained for disturbed systems 

comprised of the same porous media (Cassel et al., 1974; McMahon and Thomas, 1974; 

Smith et al., 1985; Khan and Jury, 1990; Starrett et al., 1996; Camobreco et al., 1996). 
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The objective of the study presented in Appendix B was to investigate the transport 

behavior of organic contaminants in undisturbed cores collected from a contaminated aquifer 

at a Superflind site in Tucson, AZ. The specific focus of the study was to determine the 

relative contribution of physical-heterogeneity-related processes versus those of rate-limited 

sorption to the observed nonideal transport behavior. The investigation involved a series of 

miscible displacement experiments conducted for the undisturbed cores. Upon completion 

of these studies, the material was homogenized (i.e., well-mixed) and the experiments were 

repeated. The contaminant transport behavior for the undisturbed system was compared to 

that for the packed system, and the results were analyzed using a model that explicitly 

accounts for multiple sources of nonideal transport. 

Effect of Immiscible-Liquid Phase Dissolution on Nonideal Transport Behavior 

Nonaqueous phase liquids (NAPLs) are hydrophobic organic chemicals found in the 

subsurface as a result of improper disposal, leakage, or accidental spills of hazardous 

materials. Because these contaminants are immiscible with water (typically having low 

aqueous solubilities), they are found as separate nonaqueous phases. Denser-than-water 

nonaqueous phase liquids penetrate the water table and tend to form flat pools on top of 

bedding plains in the subsurface. Lighter-than-water nonaqueous phase liquids (LNAPLs) 

float on the water table and are often associated with petroleum hydrocarbons such as 

gasoline, diesel, fuel, and jet fuel. The presence of this separate organic phase and the 

ultimate release of contaminants into the environment is controlled primarily by the 

solubility of the organic chemicals. 
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Much research has been conducted in the area of NAPL dissolution (Hunt et al., 

1988; Miller et al., 1990; Mackay et al., 1991; Anderson et al., 1992; Powers et al., 1992; 

Mayer and Miller, 1992; Geller and Hunt, 1993; Imhoff et al., 1994; Lesage and Brown, 

1994; Powers et al., 1994; Priddle and MacQuarrie, 1994; Imhoff et al., 1996; Imhoff et al., 

1998) which has shown this mass transfer can be rate-limited (e.g.. Hunt et al., 1988; Powers 

et al., 1991; Powers et al., 1994). Specifically, as NAPL saturations decrease (Powers et al., 

1992; Imhoff et al., 1994) or under high aqueous phase flow conditions (Miller et al., 1990; 

Powers et al., 1992) the dissolution of immiscible liquid becomes rate-limiting. The 

theoretical study conducted by Mayer and Miller (1996) showed that these conditions had 

more pronounced effects in heterogeneous porous media than homogeneous media. Clearly, 

the persistence of NAPL contaminated zones serve as long-term sources of groundwater 

contamination due to the continuous, slow dissolution of hydrophobic organic chemicals. 

Laboratory studies of immiscible-liquid phase dissolution have shown that the 

flushing time required to dissolve an immiscible liquid is a function of porous medium 

characteristics. For example. Powers et al. (1994) found that as porous media grain size 

increases, removal times (e.g^ the total pore volumes of flushing required to dissolve the 

immiscible liquid) greatly increased. This phenomena is due to the smaller specific NAPL 

interfacial area associated with larger NAPL droplets (Imhoff et al., 1994).Clearly, as porous 

media heterogeneity increase, thereby increasing the size ofNAPL ganglia, the contribution 

of rate-limited mass transfer to the dissolution process increases (Powers et al., 1992; Imhoff 

et al., 1994; Mayer and Miller, 1996). 
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It is of interest to note that many NAPL dissolution studies have involved 

homogeneous porous media (Miller et al., 1990; Anderson et al., 1992; Geller and Hunt, 

1993; Powers et al., 1992; Powers et al., 1994; hnhoff et al., 1998), while several researchers 

have studied NAPL dissolution in well-defined mixtures of sands (Anderson et al., 1992; 

Imhoff et al., 1998) and even well-defined mixtures of aquifer materials (Powers et al., 1992; 

Powers et al., 1994; Imhoff et al., 1998). However, laboratory studies conducted in naturally 

heterogeneous aquifer materials have apparently not been previously reported. Furthermore, 

few researchers have conducted dissolution studies to include the complete dissolution of the 

immiscible-phase liquid (Imhoff et al., 1994; Imhoff et al., 1998). Finally, an extensive 

review of the literature reveals that investigations involving NAPL dissolution processes 

combined with rate-limited sorption/desorption processes has not been previously reported 

in the literature. 

The objective of the study presented in Appendix C was to investigate the long-term, 

low-concentration elution tailing of organic contaminants from a natxirally heterogeneous 

(poorly sorted) aquifer material, with a specific focus on characterizing the relative 

contribution of rate-limited dissolution of immiscible liquid,, specifically trichloroethene. 

Previous research (Appendix A) characterized the nonideal transport behavior of 

trichloroethene associated with rate-limited sorption/desorption. The results of experiments 

presented herein concerning the complete dissolution of immiscible-liquid phase 

trichloroethene are compared to those obtained from miscible-displacement experiments 

characterizing the contribution of rate-limited sorption/desorption. As described in Appendix 

A, the results of trichloroethene miscible-displacement experiments were analyzed using a 
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log-normal continuous-distribution approach (termed the PDF model) to account for rate-

limited sorption/desorption. The combination of two mathematical models was necessary to 

describe the complete dissolution of trichloroethene, including the low-concentration elution 

tailing observed in the dissolution experiments. Specifically, a first-order mass transfer 

equation was used to describe immiscible-liquid dissolution, while the PDF-based approach 

was used to simulate sorption/desorption processes. 

Explanation of Dissertation Format 

This dissertation contains three manuscripts to be published in peer-reviewed 

journals. The manuscripts included in Appendix A and B have been submitted for review, 

while the manuscript in Appendix C is in preparation for submission. I was responsible for 

planning and conducting the majority of the experiments presented herein. Specifically, I 

conducted all of the experimental work presented in Appendices A and C. The research 

presented in Appendix B includes experimental work conducted by Kalpana Gupta and 

Qinhong Hu. I conducted the mathematical modeling presented in Appendix A and B and 

part of die modeling in Appendix C. Zhihui Zhang analyzed the dissolution data employing 

the combined mathematical model as described in the appendix. I was solely responsible for 

the manuscript preparation for all three manuscripts included herein. 
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CHAPTER 2. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the manuscripts 

appended to this dissertation. Included below are some important notes on the methods 

employed throughout the experimental studies. 

Materials and Methods 

Nonideal Transport Associated with the Experimental Apparatus 

The analysis of low-concentration contaminant tailing conducted herein required a 

thorough investigation into potential interferences from the experimental apparatus. To 

delineate the dispersion in the packed columns from the dispersion in the experimental 

apparatus tracer tests were conducted in an un-packed (empty) column. Dispersion through 

the apparatus was found to be negligible. 

Previous researchers investigating the complete removal of trichloroethene from 

porous media (Imhoff et al., 1994; Imhoff et al., 1998) found significant contaminant tailing 

associated with the experiment apparatuses employed. The experimental apparatus employed 

herein for investigating the long-term, low-concentration transport behavior of 

trichloroethene was constructed of stainless steel to prevent adsorption. Furthermore, to 

elucidate potential contaminant tailing associated with the apparatus, an aqueous solution 

saturated with trichloroethene was pumped into an un-packed (empty) column and samples 

were collected until they reached the detectable limit (0.1 ugL"'). Sorption as well as 

contaminant tailing of trichloroethene by the experimental apparatus was found to be 

negligible. 
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Materials 

Trichloroethene, a commonly used degreasing agent for industrial processes, was 

chosen as the model contaminant as it is one of the most predominant groundwater 

contaminants. The porous medium is a sandy aquifer material collected during well 

installation at AFP 44, a Superfund site located in Tucson, AZ. The aquifer in this area is 

known to be contaminated with trichloroethene. Aquifer material was collected between 44 

and 46 m below ground surface (bgs) creating a bulk sample. This sample was oven dried 

24 hours at 105°C, sieved to exclude the >2mm size fraction, and well mixed prior to use. 

Total carbon, organic carbon, and particle size distribution were determined on the remaining 

bulk media by Soil, Water, and Plant Analysis Laboratory (SWAPL), Tucson, AZ. Average 

sand, silt, and clay fractions of the bulk media equaled 89.5% (±0.6%), 4.1% (±0.6%), and 

6.4% (±1.0%), respectively. The average percent total carbon and organic carbon equaled 

0.06% (±0.01%) and 0.03% (±0.009%), respectively. Finally, subsamples of the bulk media 

were placed in trichloroethene-free synthetic groundwater solution for 4 years awaiting 

further subsampling for use in miscible displacement experiments. 

Solution Ionic Strength 

A high surface area to volume ratio for suspended clay particles means that particle 

surface charge determines the stability of the particles in suspension. In solution, negatively 

charged clay particles will be surrounded by coimter-ions to neutralize the charge forming 

what is known as the electric double layer, consisting of the Stem layer and the diffuse layer. 

In the diffuse layer, an electrical imbalance of anions and cations exists. The thickness of the 
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diffuse layer of ions and consequendy the ionic strength of the solution controls the stability 

of the suspension where the size of this diffuse layer is proportional to the square root of die 

solution ionic strength. As ionic strength increases, the double layer decreases, repulsion 

decreases, and interparticle distances decrease. At very small separations, attraction due to 

van der Waal interaction outweighs repulsion due to surface charge. As ionic strength 

increases, attraction is predominant over larger interparticle distances and clay particles 

aggregate. The distance of closest approach can be estimated by the solution ionic strength 

and is proportional to the square root of ionic strength. As discussed in Sparks (1995) as 

solution electrolyte concentration decreases the swelling of clay minerals increases. Swelling 

can effect permeability of the media. Therefore, it can be very important to maintain the ionic 

strength of solution to minimize this swelling. The majority of experiments for this aquifer 

material were conducted using "synthetic groundwater". This synthetic groundwater solution 

was created based on the identification and quantification of major ionic species in 

groundwater collected from the field site. 

Data Analysis 

The retardation factor, /?, and the equilibrium-sorption coefficient, for 

trichloroethene were determined by analysis of the trichloroethene breakthrough curves 

(Valocchi, 1985). The retardation factor was determined by calculating the temporal 

moments (except where noted) and normalizing these results by half of the size of the 

trichloroethene aqueous-solution input pulse (FJ as shown in the following equation: 
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where C* is the relative concentration (C/Q), and T is the pore volume. This approach has 

shown to be ideal for characterizing sorption for contaminants experiencing low to moderate 

sorptivity (Benker et al., 1998) and is known to be more sensitive to kinetic sorption effects. 

The equilibrium-sorption coefficient was determined by solving the retardation equation 

0 

where is bulk density, and 6 is the saturated water content. Small retardation factors for 

trichloroethene (ranging from 1.003 to 1.5) were found for all soil columns. These small 

retardation factors are as expected for low-organic carbon aquifer material (/^ = 0.03% 

±0.009%). For a thorough discussion on applying moment analysis to determine transport 

parameters, see Young and Ball (2000). Dispersivity values were obtained through analysis 

of the nonreactive tracer results using CFITIM, a one-dimensional, steady-state, equilibrium 

solute transport code to solve the advective-dispersive transport equation. 

Summary 

Nonideal contaminant transport, specifically long-term elution tailing, has been 

attributed to several mechanisms including porous-media heterogeneity, nonlinear, rate-

limited sorption/desorption, and rate-limited dissolution of nonaqueous phase liquids. It has 

long been recognized that multiple nonequilibrium processes associated with both physical 
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and chemical factors can contribute to this behavior. To evaluate contamination potential, 

conduct risk assessments, and select effective remediation technologies it is necessary to 

characterize nonideal transport behavior through quantitative analysis of these potentially 

responsible multiple physical and chemical factors. The objective of this study was to 

investigate the long-term, low-concentration elution tailing of organic contaminants from a 

naturally heterogeneous (poorly sorted) aquifer material, with a specific focus on 

characterizing the relative contributions of rate-limited sorption/desorption, physical-

heterogeneity-related processes, and rate-lunited dissolution of nonaqueous phase liquids. 

The majority of experiments conducted herein included investigations into the long-

term, low-concentration transport behavior of trichloroethene for the aquifer material. It is 

of interest to note that until recently most transport studies did not include the measurement 

of long-term elution behavior and associated low-concentration tailing. In the first 

component of this three-part study, the long-term, low-concentration elution behavior of 

dissolved-phase trichloroethene was investigated through a series of miscible-displacement 

experiments, with a specific focus on the potential impacts of dispersion and 

sorption/desorption. The elution data were simulated using a mathematical model 

incorporating a continuous distribution of retention domains and associated mass-transfer 

rate coefficients. Experiments were conducted with two subsets of aquifer material, one with 

a relatively high fraction of fines (silt and clay ~ 10%) and one with a low fraction of fines 

(silt and clay ^ ~ 4%). The results indicate (1) sorption of trichloroethene by the aquifer 

material was relatively small; (2) sorption/desorption of trichloroethene was found to be 

nonlinear and rate-limited, contributing to low-concentration elution tailing; (3) the overall 
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dispersion associated with the poorly sorted aquifer material was relatively large, also 

contributing to the tailing observed for the contaminant; and most interestingly, (4) 

trichloroethene elution curves obtained after significant flushing in the higher-fines aquifer 

material exhibited greater tailing than those obtained with minimal flushing, suggesting 

temporal variability of the porous medium dispersive properties. This latter effect was not 

observed for experiments conducted with the low-fines aquifer material. The results of these 

and additional experiments designed to investigate mechanisms potentially responsible for 

the change in dispersive properties of the higher-fines porous medium indicate that these 

changes are associated with the fines fi:^ction of the aquifer material, and are possibly related 

to chemical weathering effects. The condition-dependent elution behavior imparted by these 

weathering effects has potentially significant ramifications for evaluating the transport 

behavior of contaminants in porous media, especially with regard to characterizing the nature 

and rates of mass-transfer processes. 

In the second part of the study, the relative contributions of core-scale structuring 

versus those of rate-limited sorption/desorption to the observed nonideal transport of 

trichloroethene were determined through a scries of miscible-displacement experiments 

conducted using undisturbed aquifer cores. The results of experiments conducted using 

undisturbed cores were compared to those obtained using the same aquifer material packed 

homogeneously (termed "packed" columns). The results of these experiments were analyzed 

using a mathematical model incorporating multiple sources of nonideal transport. The results 

indicate that both physical and chemical factors, specifically rate-limited diffusive mass 

transfer associated with nonuniform flow conditions and rate-limited sorption, respectively. 
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contribute to the nonideal trichloroethene transport observed for the undisturbed cores. A 

successful prediction of trichloroethene transport in the undisturbed system was made 

employing the multiprocess nonideality model, using independently determined model 

parameters to account for the multiple factors contributing to the nonideal transport behavior. 

The simulations indicate that local-scale physical heterogeneity significantly affected the 

transport behavior of trichloroethene in the undisturbed system. 

In the third part of the study, the long-term, low-concentration elution behavior of 

trichloroethene was investigated, with a specific focus on characterizing the behavior 

associated with dissolution of immiscible-liquid phase trichloroethene. Steady state 

dissolution behavior (relatively constant effluent concentrations) was observed during the 

first 175 pore volumes of flushing. Effluent concentrations then decrease at a fairly constant 

rate during the transient phase of dissolution, and at approximately 400 pore volumes the 

data begins to "tail" until trichloroethene concentrations become undetectable. The complete 

dissolution of trichloroethene was successfully simulated using a combined, multi-process 

mathematical model. Specifically, the steady state and transient dissolution phases were 

described using a first-order immiscible-liquid dissolution equation and the low-

concentration elution tailing observed in the dissolution experiment was described using the 

PDF-based approach accounting for rate-limited sorption/desorption. A comparison of the 

trichloroethene transport behavior in the dissolution and miscible-displacement experiments 

suggests that the low-concentration elution tailing observed in the dissolution experiment is 

associated with rate-limited sorption/desorption. The results clearly indicate that multiple 
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processes contributed to the trichloroethene elution behavior when immiscible-liquid phase 

was present. 

Clearly, the transport of trichloroethene in the naturally heterogeneous aquifer 

material exhibits nonideal behavior. Multiple nonequilibrium processes, including porous-

media heterogeneity, rate-limited sorption/desorption, nonlinear sorption, and rate-limited 

dissolution were found to contribute to the nonideal transport behavior. The observed 

transport of trichloroethene in various systems, designed to characterize the relative 

contributions of these multiple factors, was successfully simulated (and where applicable 

even predicted) using mechanistically accurate mathematical models. This study clearly 

indicates that multiple sources of nonideal transport behavior associated with both physical 

and chemical factors must be considered to fiilly and accurately characterize contaminant 

transport is the subsurface. 
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Abstract 

Laboratory research and field observations have shown that the complete elution of 

contaminants firom porous media can require hundreds of pore volumes of flushing. The 

extensive flushing associated with long-term elution events may cause changes in physical 

and/or chemical properties of the porous medium. Such changes could result in temporal 

variability ofhydrodynamic (e.g. dispersive) properties of the porous medium, complicating 

the characterization of contaminant elution behavior. In this study, the long-term elution of 

trichloroethene firom a heterogeneous (poorly sorted) aquifer material was investigated 

through a series of miscible-displacement experiments, with a specific focus on the temporal 

variability of dispersive properties. Experiments were conducted with two subsets of aquifer 

material, one with a relatively high fraction of fines (silt and clay ~ 10%) and one with a low 

fraction of fines (silt and clay s ~ 4%). The elution data were simulated using a 

mathematical model incorporating a continuous distribution of retention domains and 

associated mass-transfer rate coefficients. The results indicate that the dispersive properties 

of the higher-fines media did change with extensive flushing, which resulted in 

trichloroethene elution curves that could not be accurately simulated with the model. 

Additionally, for ail sequential experiments (wherein two experiments were conducted in the 

same column), the second set of elution curves exhibited significantly greater tailing than the 

initial curves. This behavior was not observed for the low-fines media. The results of these 

and additional experiments indicate that the changes observed for the higher-fines media are 

associated with the fines firaction of the aquifer material, and are possibly related to chemical 

weathering effects. The condition-dependent elution behavior imparted by the temporal 
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variability in dispersive properties has potentially significant ramifications for evaluating the 

transport behavior of contaminants in porous media, especially with regard to characterizing 

the nature and rates of mass-transfer processes. 

Introduction 

Knowledge of a contaminant's transport and fate behavior is necessary to evaluate 

contamination potential, conduct risk assessments, and for the selection of effective 

remediation technologies. The results of laboratory experiments and field-scale observations 

indicate that extensive concentration tailing is often observed when contaminated subsurface 

systems are flushed with water (pump and treat) or air (soil venting). As a result, the 

perfonnance of flushing-based technologies is often constrained, leading to extended clean

up times. This behavior has incited research into the mechanisms responsible for such long-

term contaminant tailing, and has been attributed to several factors, including porous-media 

heterogeneity, dififtision-Iimited and/or rate-limited interactions of the solute with the 

sorbent, and nonlinear sorption/desorption. 

Long-term elution tailing has been observed for several miscible-displacement 

experiments conducted with low-sorbing solutes (Grathwohl andReinhard, 1993; Young and 

Ball, 1994; Culver et al., 1997; Fesch et al., 1998; Miller et al., 1998), wherein hundreds of 

pore volumes of flushing was required to "completely" remove the contaminants, despite 

their small retardation factors. For example, hundreds of pore volumes of flushing were 

required to remove trichloroethene (R<2) in soil-gas venting experiments conducted in 

aquifer material (Grathwohl and Reinhard, 1993). Approximately 200 pore volumes of 
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flushing was required to reach detection limits for elution of trichloroethene (R = 4) from a 

field-contaminated aquifer material (Culver et al., 1997). Similarly, the complete removal 

of lindane (R = 3) from a sandy aquifer material required approximately 200 pore volumes 

of flushing (Miller et al., 1998). One potential, and as yet unexamined, consequence of the 

extensive flushing associated with such long-term elution events is a change in physical 

and/or chemical properties of the porous medium. Such changes may include the dispersion 

and transport of fine particles or colloids (e.g., Chen and Banin, 1975), physical weathering, 

and chemical weathering, including precipitation or dissolution of minerals (e.g.. Clow and 

Drever, 1996). Given that hydrodynamic processes are mediated by physical/chemical 

properties of the porous medium, it is possible that solute transport behavior could be 

affected by the extensive flushing associated with long-term elution tailing if such flushing 

did alter porous-media properties. Clearly, temporal variability of hydrodynamic properties 

would complicate the characterization and quantification of contaminant elution behavior. 

The objective of this study was to investigate long-term elution of organic 

contaminants from a naturally heterogeneous (poorly sorted) aquifer material, with a specific 

focus on potential changes in physical/chemical properties of the porous medium and 

resultant impacts on elution tailing behavior. Miscible-displacement experiments were 

conducted wherein the elution tailing oftrichloroethene, the representative contaminant, was 

monitored over concentration changes spanning 5 to 7 orders of magnitude. Trichloroethene 

transport was simulated using two mathematical models, one incorporating the widely used 

two-domain approach, and one using a log-normal, continuous-distribution approach. 

Potential changes in hydrodynamic properties were evaluated by conducting multiple non-
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reactive tracer tests as well as sequential trichloroethene miscible-displacement experiments 

for several of the packed columns. 

Materials and Methods 

Materials 

Trichloroethene was chosen as the model contaminant as it is one of the most 

predominant groundwater contaminants. Miscible-displacement experiments were conducted 

using influent trichloroethene concentrations of approximately 9 or 900 mgL"'. The latter 

initial concentration was chosen to allow for greater resolution of the elution tail, sparming 

seven orders of magnitude versus five for the low-C^ experiments. 

The porous medium is a sandy aquifer material collected during well installation at 

a Superfund site in Tucson, AZ. The aquifer material was oven dried for 24 hours at 105 °C, 

sieved to exclude the >2 mm size fraction, and well mixed prior to use. Average total carbon 

and organic carbon for the bulk media are 0.06% (±0.01%) and 0.03% (±0.009%), 

respectively. Subsamples of the bulk media were stored in jars containing synthetic-

groundwater solution until used for miscible-displacement experiments. Analysis of 

subsamples of the aqueous solution collected from the jars containing the aquifer material 

yielded non-detectable trichloroethene concentrations (<0.1 ^gL"'). Two subsets of aquifer 

material were used in the experiments, one with a relatively high fraction of fines (silt and 

clay ~ 10%) and one with a low fraction of fines (silt and clay < ~ 4%). 

To investigate the potential effect of groimdwater chemistry on elution behavior, 

miscible-displacement experiments were conducted using either a potassium nitrate 
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electrolyte solution (0.01 M KNO3) or a synthetic-groundwater solution. The synthetic 

groundwater was created based on the identification and quantification of major ionic species 

in groundwater collected firom the field site. The major cations in this synthetic groundwater 

(and average concentration, mgL"') were Na*' (50), Ca*" (36), Mg*" (25), and major anions 

were NOj"' (6), CI"' (60), COj -ZHCOj"' (133), and SO;- (99). Trichloroethene (99.5+% 

purity) and pentafiuorobenzoic acid (99%) were obtained firom Aldrich Chemical Co. 

Ethanol (100%) was obtained from Quantum Chemical Co. 

Miscible-displacement Experiments 

All components of the experiment apparatus were constructed of stainless steel to 

prevent adsorption. The columns, 7 cm long and 2.1 cm i.d., were packed vertically in 

incremental steps with moist aquifer material. After packing, electrolyte solution was 

pumped through the column to saturate the porous media. Prior to each experiment, water 

was flushed though the apparatus (including the pump, tubing, and sampling ports while 

bjTiassing the packed column) and analyzed to ensure no trichloroethene was detected. A 

pulse of trichloroethene solution was injected into the vertically positioned, packed column. 

The pulses comprised approximately 31 or 17 pore volumes for the low- and high-C^ 

experiments, respectively. Given the small retardation factors for trichloroethene in this 

system, these pulse lengths should be sufficient to obtain robust results (e.g., Young and 

Ball, 1997). However, to evaluate the impact of pulse length, an experiment was conducted 

using the low-fines media wherein 220 pore volumes of trichloroethene was continuously 

injected. The resxilts obtained firom this experiment (data not shown) were essentially 
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identical to those obtained for the other low-fines experiments. Once the pulses of 

trichloroethene solution were injected, the columns were flushed with electrolyte solution. 

Effluent samples were collected manually using a glass gas-tight syringe and analyzed 

immediately. 

A series of nonreactive tracer tests were conducted to characterize the contribution 

of hydrodynamic-related dispersive processes to the elution tailing observed for 

trichloroethene for several of the packed columns employing one of two organic tracers: 

pentafluorobenzoic acid (approximately 100 mgL"') or ethanol (approximately 200 to 400 

mgL"'). The initial tracer input pulses were delivered with the aqueous trichloroethene 

solution and die contaminants simultaneously eluted. The subsequent nonreactive tracer tests 

were conducted after completely eluting the trichloroethene (i.e., following hundreds of pore 

volumes of flushing the aquifer material). The pulse lengths for the nonreactive tracer tests 

equaled 6 to 10 pore volumes. Additionally, several miscible-displacement experiments were 

conducted without nonreactive tracer tests. The results (data not shown) indicated that the 

organic tracers had no effect on the trichloroethene transport behavior. 

A constant flowrate of 0.5 mLmin"', equivalent to an average pore water velocity (v) 

of approximately 24 cmh"', was used for all column experiments. Flow was provided by an 

ISCO (Model 500D) syringe pump for the input of trichloroethene (designed to minimize 

loss to volatilization), an SSI (Model 300) LC pump for trichloroethene/tracer solution, and 

an Acuflow Series II pimip for delivery of solute-free electrolj^e solution. The relatively 

rapid pore water velocity used in the miscible-displacement experiments is typical of flow 

within the source zone areas of the well field employed for pump-and-treat remediation at 
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the Superflind site (Brusseau et al., 1999). The use of separate pumps minimized potential 

cross-contamination problems. 

Trichloroethene was analyzed by headspace gas chromatography (GC) using either 

a flame ionization (FID) or electron capture (ECD) detector depending on sample 

concentration. The detection limit for trichloroethene using headspace GC/ECD equaled 0.1 

jjgL"'. Ethanol was analyzed by headspace GC/FID with a detection limit of 0.5 mgL"'. 

Pentafluorobenzoic acid was analyzed by flow-through, variable wavelength UV detector 

(Gilson) with a detection limit of approximately 1 mgL"'. 

At the conclusion of selected experiments, the aquifer material was unpacked and 

subjected to solvent extractions to determine final solids-phase trichloroethene 

concentrations. After placing approximately 8 to 10 grams of the aquifer material into a 22 

mL crimp-top vial, dichloromethane was added to volume, minimizing headspace in the 

vials. The samples were placed on an end-over-end tumbler for approximately 72 hours, 

centrifuged, and subsampled for analysis by mass spectroscopy, with a quantifiable detection 

limit of approximately 0.03 ^gg"'. 

Data Analysis 

The retardation factor, R, and the equilibrium-desorption coefficient, , (L^M'') for 

the elution of trichloroethene were determined by analysis of the trichloroethene elution 

curves. The retardation factor was determined by integrating the area below the elution curve 

as shown in the following equation: 
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c' + c' 
- ' {T,-T,) 

where C* is the relative concentration (C/CJ, and T is the pore volume. The equilibrium-

sorption coefficient was determined by solving the retardation equation 

d 

where is bulk density, and 6 is the saturated water content. 

Contaminant tailing observed in transport studies has often been attributed to rate-

limited mass-transfer processes. Many researchers have simulated such nonequilibrium 

behavior with models incorporating a two-domain description of mass transfer. However, 

this approach has more recently been shown to be inadequate for simulating the long-term 

elution behavior associated with extensive tailing (Culver et al., 1997; Miller et al., 1998; 

Brusseauetal., 1989; Pignatelloetal., 1993; Farrell and Reinhard, 1994; Chen and Wagenet, 

1995; Chen and Wagenet, 1997; Haggerty and Gorelick, 1998; Young and Ball, 1999). Such 

observations have led to the development of transport models that incorporate a continuous 

distribution of domains and associated rate coefficients (Connaughton et al., 1993; Culver 

et al., 1997; Chen and Wagenet, 1995; Chen and Wagenet, 1997; Haggerty and Gorelick, 

1998; Li and Brusseau, 2000; Saiers and Tao, 2000). 

Such a model, hereafter referred to as the PDF model, was used in this study to 

attempt to simulate the measured long-term elution tailing of trichloroethene. With this 

model, discussed in detail by Li and Brusseau (2000), the impact of pore/grain scale 

heterogeneity on mass transfer is accoimted for with a continuous-distribution of retention 



domains and associated mass-transfer rate coefficients. In this case, a log-normal statistical 

function is used to represent the distribution. The parameter used to describe variable 

retention kinetics is the first-order mass-transfer rate coefficient k, [T'], which is treated as 

a random variable with log-normal distribution: 

where fj. is the mean of In k,, and cr is the variance of In k,. The variable k, is incorporated 

into the advection-dispersion equation with the sorption term (5): 

where C is the concentration in the aqueous phase, S is the sorbed-phase concentration, 

is bulk density, 6 is the saturated water content, D is the dispersion coefficient, v is pore 

water velocity, m is the total number of retention domains, Kf is the Freundlich-sorption 

coefficient, and n is the exponent of the Freundlich isotherm. 

Two sets of model calibrations were performed. For the first set, two parameters were 

optimized, the mean mass-transfer rate coefficient {k,) and the variance of the rate coefficient 

(cr). In this case, the Freundlich-sorptioii coefficient (A^) was determined through analysis 
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of the trichloroethene elution curve. For the second set, all three parameters, the Freundlich-

sorption coefficient (A^) as well as the mean and variance of the mass-transfer rate 

coefficient, were optimized. The optimization procedure employs a nonlinear least squares 

method to minimize error between simulated and observed aqueous phase concentrations for 

the trichloroethene elution curve, as described by the following equation: 

nob 
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where nob is the total number of measured data points and w(i) describes a weighting 

function used to balance optimization results across the full elution curve, which comprises 

concentration changes spanning 5 to 7 orders of magnitude. 

Results 

General Trichloroethene Transport and Elution Behavior 

The mean retardation factor obtained for trichloroethene in the Iow-CQ experiments 

equaled 1.21 (±0.10) and in the high-C,, experiments equaled 1.06 (±0.03). The small 

retardation factors are expected for trichloroethene transport in low organic-carbon aquifer 

material such as used herein. Previous experimental results (Putz, 1997) have shown that 

sorption of trichloroethene by the aquifer material is most likely nonlinear, as discussed by 

Zhang and Brusseau (1999). Specifically, die magnitude of the sorption coefficient is smaller 

for the lower initial trichloroethene concentration (see Table 1). In die current work, the 

mean equilibrium-sorption coefficient (Kj) determined firom the low-Q experiments equaled 

0.04 (±0.02) mLg"' and firom the high-Cg experiments equaled 0.01 (±0.006) mLg"'. These 
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values are similar to values reported in the literature for trichloroethene (ranging from 0.01 

to 0.24 mLg ') for aquifer materials with similarly low organic-carbon contents (Brusseau 

et al., 1991; Lee et al., 1988; Larson et al., 1992; Benker et al., 1998; Carmichael et al., 

1999). The data were fit with a nonlinear sorption isotherm with a Freundlich-sorption 

coefficient (AT,) equal to 0.07 (mLg"')" and Freundlich exponent equal to 0.73. 

The breakthrough curves were analyzed by moment analysis (Valocchi, 1985) to 

determine mass recoveries, which ranged from 98% to 103% (see Table 2). These results 

indicate essentially complete mass recovery, especially considering the uncertainty 

associated with sampling and analysis. Following the complete elution of trichloroethene 

(i.e. effluent concentrations below the detection limit), solvent extractions of the aquifer 

material were performed for several of the columns. The concentration of trichloroethene 

was below detectable levels (corresponding to <0.1% of the initial sorbed-phase 

trichloroethene mass) for all cases, which is in agreement with the mass recovery values 

reported in Table 2. 

Trichloroethene Elution Behavior - Higher-fines Media 

The trichloroethene elution curves obtained for three low-C^ experiments (HF-1,2, 

and 3) and a high-Co experiment (HF-4) are shown in Figure 1. The complete elution of 

trichloroethene required approximately 75 pore volumes of flushing for the low-C,, 

experiments and approximately 250 pore volumes for the high-C,, experiment, despite the 

minimal retention of trichloroethene by the aquifer material. The elution tailing behavior, 

specifically in the first 25 pore volumes, is reproducible independent of the slightly varying 
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texture between the individual subsamples of the aquifer material and independent of the 

electrolyte solution employed (see Table 2). The extent of tailing exhibited for the high-Co 

experiment is significantly greater dian that exhibited for the low-C^ experiments due to the 

larger initial concentration of trichloroethene employed (870 mgL"' versus approximately 8 

mgL"', respectively). This effect is noticed after approximately 30 pore volumes where the 

trichloroethene concentration in the low-Q experiments is significantly lower, equaling 

approximately 1 ^gL•' versus 70 ^igL"' in the high-Co experiment. 

Simulations obtained using the log-normal PDF model incorporating nonlinear 

sorption are compared to die measured elution curve obtained for the high-Cg experiment in 

Figure 1. The model was not able to fit the fiill curve, including both the rapid concentration 

decrease and the long tail, even when the Freundlich-sorption coefficient, as well as the mean 

and variance of the mass-transfer rate coefficient, was optimized. Representative optimized 

curves are shown Figure 1, where optimization 1 is the best-fit curve obtained when 

attempting to calibrate the model to the full elution curve by applying the weighting fimction 

to balance optimization results across concentration changes spanning 7 orders of magnitude. 

Optimization 2 is the best-fit curve obtained when the low-concentration tail is given more 

weight in the calibration of the model and optimization 3 is the best-fit curve obtained when 

the initial portion of the elution curve is given more weight. For all calibrations, the 

optimized values of the Frevmdlich-sorption coefficient are significantiy different than the 

value obtained from analysis of the elution curve data, wherein for optimization 1 it is almost 

three times smaller, in optimization 2 it is an order of magnitude smaller and in optimization 

3 it is an order of magnitude larger. 



In summary, the nonideal trichloroethene elution behavior observed for all 

experiments conducted using the higher-fines media could not be accurately simulated using 

either the two-domain model or the PDF model. It is hypothesized that the extensive flushing 

required for the complete removal of trichloroethene caused changes in the physical and/or 

chemical properties of the aquifer material. During the course of the long-term elution 

events, such changes could result in temporal variability of the hydrodynamic properties of 

the porous medium, which could affect the transport and elution behavior of trichloroethene. 

To investigate the impact of extensive flushing of the aquifer material on elution behavior, 

sequential trichloroethene miscible-displacement experiments and a series of nonreactive 

tracer tests were conducted, the results of which are discussed in the following section. 

Sequential Trichloroethene Experiments and Nonreactive Tracer Tests - Hieher-fines Media 

To investigate the effect of long-term flushing on the elution behavior of 

trichloroethene, selected miscible-displacement experiments were conducted in pairs wherein 

sequential trichloroethene input pulses were applied to a given packed column (see Table 2 

for details). For each set, the initial pulse of trichloroethene solution was injected and 

effluent samples were collected until trichloroethene concentrations were below the detection 

limit. The aquifer material was then re-packed prior to the second (sequential) 

trichloroethene experiment. Specifically, following the first experiment, the column was 

opened and un-packed, the media were re-mixed (re-homogenizing the material), and re

packed into the same, cleaned column. The second trichloroethene experiment was then 

conducted. 
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The results of paired sequential experiments are presented in Figure 2. The first set 

of curves (HF-1 and HP-IS) was obtained from sequential experiments conducted for 

column A. The second set of curves (HF-2 and HF-2S) was obtained from sequential 

experiments conducted for column B. The legend in Figure 2 indicates the total pore volumes 

of flushing performed prior to the trichloroethene input pulse for each experiment, ranging 

from 0 to 412 pore volumes. The results show that elution tailing of trichloroethene observed 

for the second (sequential) experiments (HF-1S and HF-2S) is significantly greater than that 

observed for the initial experiments. Similar results of two additional paired sequential 

experiments (referred to as supporting experiments (SE)) conducted for the higher-fines 

aquifer material are presented in Figures 3 and 4. 

T o evaluate the impact of re-homogenizing the aquifer material on subsequent elution 

behavior for the sequential experiments, an additional set of experiments was conducted 

using the higher-fines media wherein the aquifer material was not re-packed prior to the 

sequential input pulse. The results from this set of experiments (data not shown) were 

essentially identical to those obtained for the experiments in which the media was re-packed. 

Additionally, to evaluate the potential impact of "pre-conditioning" the aquifer material with 

trichloroethene on elution behavior for the sequential experiments, an experiment was 

conducted using the higher-fines media wherein the column was pre-flushed with 474 pore 

volumes of the single-electrolyte solution prior to injection and elution of trichloroethene. 

The results from this experiment (data not shown) were essentially identical to the second 

set of elution curves obtained from the sequential experiments. This indicates that prior 
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contact of the aquifer material with trichloroethene (i.e., the first pulse) had no impact on the 

transport behavior observed for the second (sequential) pulses. 

The impact of flushing on the hydrodynamic properties of the media was 

characterized by conducting a series of miscible-displacement experiments using a 

nonreactive tracer. Figure 5, 6, and 7 show the results for three columns (B, C, and D, 

respectively), wherein tracer tests were conducted after flushing the aquifer material with 

varying amounts of the single-electrolyte solution (columns B and C) or synthetic-

groundwater solution (colunm D). The legend in each figure indicates the total pore volumes 

(pv) of flushing performed prior to the tracer input pulse for each experiment. These results 

show a consistent trend independent of the electrolyte solution wherein the extent of 

dispersion, as measured by the nonreactive tracer, increases as the amount of flushing 

increases. This suggests that the hydrodynamic properties of the packed columns are indeed 

changing during the course of the long-term flushing events. 

The results of the tracer studies and the trichloroethene experiments presented above 

indicate that a physical and/or chemical change in porous media properties is occurring 

during the course of the experiments, resulting in an increase in dispersion. This change in 

dispersive properties with flushing appears to be influencing the elution behavior of 

trichloroethene. It is of interest to note that, until recenfly, most transport studies did not 

include the measurement of long-term elution behavior and associated low-concentration 

tailing. For those that have examined long-term tailing, the porous media used in the 

experiments generally had a relatively small fines firaction. This suggests that the phenomena 

observed herein may be related to the higher fraction of fines associated with this 
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heterogeneous aquifer material, where the fines firaction comprises approximately 10%. To 

evaluate this hypothesis, a series of experiments were conducted using subsamples of the 

aquifer material that have a lower fraction of fines (^ ~ 4%). 

Sequential Trichloroethene Experiments and Nonreactive Tracer Tests - Low-fines Media 

In Figure 8, the trichloroethene elution curve obtained for a low-C^ experiment (LF-

1) is compared to the elution curve obtained from a corresponding sequential experiment 

(LF-IS) conducted in column E. Similarly, the trichloroethene elution curve obtained from 

a high-Co experiment (LF-2) is compared to the elution curve obtained from a corresponding 

sequential experiment (LF-2S) conducted in column F in Figure 9. The long-term, low-

concentration elution tailing of trichloroethene is essentially identical for both sets of paired 

experiments. This suggests that the hydrodynamic properties ofthe aquifer material remained 

constant. Similar results of an additional paired sequential experiment (referred to as 

supporting experiments (SE)) conducted for the low-fines aquifer material are presented in 

Figure 10. 

The results obtained from nonreactive tracer tests conducted for column E, wherein 

tracer tests were conducted after flushing the aquifer material with varying amounts of the 

single-electrolyte solution, are shown in Figure 11. The tracer results show no measurable 

change in dispersive properties of the porous media. These results, as well as those obtained 

for the sequential trichloroethene experiments are clearly different from those obtained for 

the higher-fines media discussed above. 
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The simulations obtained using the log-normal PDF model are compared to the 

measured elution curves for the initial and sequential experiments in Figures 8 and 9. Unlike 

the case for the higher-fines media (see Figure 1), the PDF model provides a relatively good 

fit to the full elution curves. Furthermore, for both sets of paired trichloroethene miscible-

displacement experiments, the means of the optimized and measured Freundlich-sorption 

coefficients are similar. Simulation results obtained using the PDF model are compared to 

the measured long-term elution tails for additional experiments (referred to as supporting 

experiment (SE)) conducted for the low-fines aquifer material in Figure 12 and 13. Again, 

the PDF model provides a relatively good fit to the full elution curves. Conversely, as 

discussed previously, the PDF model fails to fit the full elution curves obtained for die 

higher-fines media, resulting in Freundlich-sorption coefficients a full order of magnitude 

different than those obtained from analysis of the measured data. 

Summary 

Given the absence of nonideal elution behavior for the experiments conducted using 

the low-fines media, it appears that the changes in hydrodynamic properties of the media 

observed in the experiments conducted using the higher-fines media are associated with the 

fines fi-action of the aquifer material. We speculate that mechanisms potentially responsible 

for this phenomena may include: 1) groundwater chemistry effects associated with the 

electrolyte solution; 2) migration of fines (colloids) through the soil column; and 3) 

physical/chemical weathering of die aquifer material. While a detailed investigation of the 
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specific cause of this phenomenon is beyond the scope of this paper, it is possible to 

tentatively evaluate which of these may be most likely responsible. 

Nonreactive tracer elution behavior observed for the experiments conducted using 

the single-electrolyte solution were similar to that observed for the experiments conducted 

using the synthetic- groundwater solution, wherein the extent of dispersion as measured by 

the nonreactive tracer increased as a result of long-term flushing independent of the 

electrolyte solution employed (see Figure 3). Furthermore, nonideal elution behavior was 

observed for trichloroethene independent of the electrolyte solution employed (see Figure 

1). These results suggest that the change in hydrodjmamic properties with increased flushing 

observed for the higher-fines media is not an artifact of using a single-electrolyte solution, 

as commonly employed in laboratory transport studies. 

To estimate potential losses due to colloid migration, each column was weighed 

before and after each study. Based on these measurements, there was no measurable loss of 

porous- media mass during the course of any of the experiments (<0.3% of the initial mass). 

However, upon un-packing the columns, there was evidence suggesting fines accumulated 

at the effluent end-plate, where the colunm's porous filter (stainless steel, 2 jim mesh) 

appeared to retain migrating colloids. If this accumulation of finer material at the effluent 

end of the column altered the hydrodynamic properties of the packing, one would expect that 

re-homogenizing the porous media should return the system to its initial state, thereby 

reducing (and possibly eliminating) the enhanced dispersion effects. 

The effect of re-homogenizing the aquifer material after a period of flushing was 

tested in several experiments, as discussed previously. For these experiments, following 
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hundreds of pore volumes of flushing, the columns were re-packed after re-homogenizing 

the media, and subjected to additional input pulses. The elution curves obtained for the 

subsequent trichloroethene experiments in the higher-fines media, conducted immediately 

after re-packing the columns, exhibited significantly greater tailing than the initial elution 

curves. Additional experiments (results not shown as they are nearly identical to those 

presented in Figure 2) were conducted to evaluate the effect of re-homogenizing the aquifer 

material. Namely, the experiment did not involve re-packing the aquifer material prior to the 

sequential trichloroediene input pulse. More extensive elution tails, associated with long-

term flushing of the aquifer material, were obtained for the second experiment irrespective 

of whether or not the media was re-packed. This indicates that re-homogenizing the aquifer 

material did not eliminate nor contribute to the observed effect of long-term flushing. Thus, 

colloid migration and resultant changes in hydrodynamic properties of the packing does not 

appear to be the major cause of the observed increase in elution tailing with flushing. 

In simimary, the results of experiments conducted using aquifer material with a fines 

flection of 6 to 12.5% show that elution tailing of trichloroethene increases with greater 

amounts of flushingof the aquifer material. Non-reactive tracer experiments conducted using 

this aquifer material indicate that dispersive properties of the aquifer material are changing 

with increased flushing, independent of the electrolyte solution employed. Simulations 

obtained using the PDF model could not match the measured trichloroethene elution curves 

in their entirety. Based on the above discussion, some type of weathering-related effect 

associated with tiie extensive flushing appears to be the most reasonable cause of the 

observed behavior. Considering the ideal behavior obtained for the low-fines media, these 
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results suggest that if weathering is responsible for the observed changes in the 

hydrodynamic properties of the higher-fines media, it appears to be weathering of the fines 

fixation or some component associated with that fraction. This phenomena has apparently 

not been previously reported in the literature, which may be partly due to the fact that many 

solute transport experiments are conducted with porous media that have relatively small 

firactions of fines. This may also be partly due to the fact that, until recently, most transport 

studies did not include the measurement of long-term elution behavior and associated low-

concentration tailing. 

The results of this study indicate that the extensive flushing associated with long-term 

elution events can cause changes in hydrodynamic properties of the porous media, which can 

contribute to elution tailing behavior of contaminants, specifically in systems that have a 

fines fi^ction of approximately 10% or greater. The results emphasize that care must be taken 

when conducting characterization studies of organic contaminant transport behavior, wherein 

possible changes in the hydrodynamic properties of the porous media could enhance elution 

tailing. This extensive tailing, often attributed to porous media heterogeneity and/or rate-

limited mass transfer processes, could si^ificandy affect the values of calibrated mass 

transfer and equilibrium-sorption coefficients, often used to evaluate contaminant transport 

behavior. 
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Table 1. Retardation factors and equilibrium-sorption coefficients. 

Experiment^ Column TCE 
Co, mgL-' 

R Kj, mLg' 

HF-I A 5 1.26 0.052 

HF-IS A 5 1.46 0.093 

HF-2 B 12 1.05 0.009 

HF-2S B 12 1.24 0.046 

HF-3 C 4 1.08 0.015 

HF-4 D 870 1.09 0.016 

SE.HF-1 NA" 6 1.26 0.050 

SE.HF-IS NA" 5 1.11 0.021 

SE.HF-2 NA" 6 1.12 0.024 

SE.HF-2S NA" 6 1.26 0.053 

LF-1 E 13 l.ll 0.026 

LF-IS E 12 1.16 0.038 

LF-2 F 930 1.003 0.001 

LF-2S F 880 1.09 0.017 

SE.LF-1 NA" 10 1.27 0.051 

SE.LF-IS NA" 13 1.27 0.051 

SE.LF-2 NA" 851 1.07 0.012 

SE.LF-3 NA" 920 1.08 0.015 

^Experiments designated with SE refer to additional experiments conducted to 
support the major findings discussed in the text. In the interest of brevity, these 
supporting experiments were not included in the final manuscript submitted for 
publication. 
'T^ot applicable. 



Table 2. Parameter values for miscible-displacement experiments. 

Expt. Column 
Sand 

% 
Silt 
% 

Clay 
% 

Electrolyte 
Solution 

Pb' 
g/cm'^ 

e" 
pre-

flushed' 
V 

cmhf' 
TCE 

Co, mgL' 
rp d 
' 0 

% 
recovery 

Higher-fines Media 

HF-1 
A 90.7 4.2 5.1 

0.01 M 
KNOj 

1.74 0.35 
0 23.5 5 29 100.5 

HF-IS 
A 90.7 4.2 5.1 

0.01 M 
KNOj 

1.74 0.35 
388 23.7 5 27 103.0 

HF-2 
B 93.9 2.9 3.2 

0.01 M 
KNO3 

1.83 0.35 
0 23.3 12 36 98.2 

HF-2S 
B 93.9 2.9 3.2 

0.01 M 
KNO3 

1.83 0.35 
412 26.0 12 37 99.9 

HF-3 C 89.0 5.4 5.6 
0.01 M 
KNO3 

1.84 0.33 0 24.2 4 31 99.1 

HF-4 D 87.5 5.0 7.5 syn. GW 1.80 0.33 0 22.8 870 16 98.4 

Low-fines Media 

LF-1 
E 99.0 0.0 1.1 

0.01 M 
KNO, 

1.56 0.37 
0 23.3 13 33 98.8 

LF-IS 
E 99.0 0.0 1.1 

0.01 M 
KNO, 

1.56 0.37 
617 20.4 12 27 100.7 

LF-2 
F 95.7 1.8 2.5 syn. GW 1.72 0.34 

0 22.4 930 17 100.8 

LF-2S 
F 95.7 1.8 2.5 syn. GW 1.72 0.34 

229 22.2 880 17 100.1 

"Bulk density. 
''Saturated water content determined gravimetrically by comparing saturated to dry-packed column weights. 
'Total pore volumes of flushing performed prior to the trichloroethene miscible-displacement experiment. 
""Pulse width (T,) equal to the volume of input solution divided by the pore volume of the packed column. 
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Figure 1. Trichloroethene elution curves from three Iow-CQ experiments (HF-1,2, and 3) 
and a high-C^ experiment (HP-4) including representative optimized curves using 
the log-normal PDF model for the high-Co experiment. Optimization 1 is the 
best-fit curve when optimizing the full curve, optimization 2 is the best-fit curve 
obtained when the low-concentration tail is given more weight in the calibration 
of the model, and optimization 3 is the best-fit curve obtained when optimizing 
die initial portion of the elution curve. 
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Figure 2. Elution curves from sequential trichloroethene miscible-displacement 
experiments conducted with higher-fines aquifer material for column A (HF-1 
and HF-IS) and column B (HF-2 and HF-2S) showing the effect of long-term 
flushing on elution tailing. The amount of pre-flushing performed prior to the 
input of trichloroethene is shown in parentheses for each study. 
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Figures. Elution curves from sequential trichloroethenemiscible-displacement 
experiments conducted with higher-fines aquifer material (SE.HF-l and SE.HF-
IS) showing the effect of long-term flushing on elution tailing. The amount of 
pre-flushing performed prior to the input of trichloroethene is shown in 
parentheses for each study. 
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Figure 4. Elution curves from sequential trichloroethene raiscible-displacement 
experiments conducted with higher-fines aquifer material (SE.HF-2 and SE.HF-
2S) showing the effect of long-term flushing on elution tailing. The amount of 
pre-flushing performed prior to the input of trichloroethene is shown in 
parentheses for each study 
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Figure 5. Elution curves for the non-reactive tracer, pentafluorobenzoic acid, showing the 
effect of flushing the higher-fines aquifer material with varying amounts of 
electrolyte solution: Column B flushed with 0.01 M KNOj. 
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Figure 6. Elution curves for the non-reactive tracer, ethanol, showing the effect of flushing 
the higher-fines aquifer material with varying amounts of electrolyte solution: 
Column C flushed with 0.01 M KNO3. 
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Figure 7. Elution curves for the non-reactive tracer, ethanol, showing the effect of flushing 
the higher-fines aquifer material with varying amounts of electrolyte solution: 
Column D flushed with synthetic groundwater. 
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Figure 8. Elution curves from sequential, low-C,,, trichloroethene miscible-displacement 
experiments conducted with low-fines aquifer material for column E (LF-1 and 
LF-IS) and the best-fit curve obtained using the log-normal PDF model. The 
amount of pre-tlushing performed prior to the input of trichloroethene is shown 
in parentheses for each study. 
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Figure 9. Elution curves from sequential, high-Cg, trichloroethene miscible-displacement 
experiments conducted with low-fines aquifer material for column F (LF-2 and 
LF-2S) and the best-fit curve obtained using the log-normal PDF model. The 
amount of pre-flushing performed prior to the input of trichloroethene is shown 
in parentheses for each study. 
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Figure 10. Elution curves from sequential, IOW-CQ, trichloroethenemiscible-displacement 
experiments conducted with low-fines aquifer material (SE.LF-1 and SE.LF-1S). 
The amount of pre-flushing performed prior to the input of trichloroethene is 
shown in parentheses for each study. 
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Figure 11. Elution curves for the non-reactive tracer, pentafluorobenzoic acid, showing the 
effect of flushing the low-fines aquifer material with varying amounts of 
electrolyte solution; Column E flushed witii 0.01 M KNOj. 
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Figure 12. Elution curve from a high-Co trichloroethene miscible-displacement experiment 
conducted with low-fines aquifer material (SE.LF-2) and the best-fit curve 
obtained using the log-normal PDF model. 
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Figure 13. Elution curve from a high-C,, trichloroethene miscible-displacement experiment 
conducted with low-fines aquifer material (SE.LF-3) and the best-fit curve 
obtained using the log-normal PDF model. 
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Abstract 

Nonideal transport behavior of contaminants in porous media has often been 

observed in laboratory characterization studies. It has long been recognized that multiple 

nonequilibrium processes associated with both physical and chemical factors can contribute 

to this nonideal transport behavior. To fully understand transport behavior, it is important to 

determine the relative contributions from these multiple factors when conducting 

contaminant transport and fate studies. In this study, the relative contributions of physical-

heterogeneity-related processes versus those of rate-limited sorption/desorption to the 

observed nonideal transport of trichloroethene in undisturbed aquifer cores were determined 

through a series ofmiscible-displacement experiments. The results of experiments conducted 

using the undisturbed cores, collected firom a Superflmd site in Tucson, AZ, were compared 

to those obtained using the same aquifer material packed homogeneously (termed "disturbed" 

columns). The results of these experiments were analyzed using a mathematical model 

incorporating multiple sources of nonideal transport. The results indicate that both physical 

and chemical factors, specifically rate-limited diffusive mass transfer associated with 

nonuniform flow conditions and rate-limited sorption, respectively, contribute to the 

nonideal trichloroethene transport observed for the undisturbed cores. A successful 

prediction of trichloroethene transport in the undisturbed system was made employing the 

multiprocess nonideality model, using independentiy determined model parameters to 

account for the multiple factors contributing to the nonideal transport behavior. The 

simulations indicate that local-scale physical heterogeneity significantly affected the 

transport behavior of trichloroethene in the undisturbed system. 
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Introduction 

Knowledge of the kinetics of contaminant interactions with subsurface porous 

material is crucial to accurately predict contaminant transport and fate. A natural porous 

medium can be described as having multiple retention domains, including soil-particle 

surfaces, inorganic coatings (e.g., metal oxides), microporosity associated with individual 

particles or aggregates of particles, and organic material. Sorption of organic contaminants, 

which can be influenced by all of these domains, has been shown to be rate-limited (e.g., 

Karickhoff, 1984; Wu and Gschwend, l986;BrusseauandRao, 1989; Pignatello, 1990; Ball 

and Roberts, 1991;Brusseauetal., 1991a, b;Grathwohl and Reinhard, 1993; Pignatello and 

Xing, 1996). Such rate limitations often result in nonideal transport behavior. Additionally, 

numerous miscible-displacement experiments have shown that local-scale physical 

heterogeneity of a porous medium (e.g., aggregation, stratification, and/or fi^cturing) can 

also result in nonideal transport behavior (e.g., Passioura, 1971; Passioura and Rose, 1971; 

Bouma and Anderson, 1977; van Genuchten and Wierenga, 1977; Rao et al., 1980; Nkedi-

Kizza et al., 1982; Seyfined and Rao, 1987; Herr et al., 1989; Singh and Kanwar, 1991; 

Wildenschild et al., 1994; Reedy et al., 1996). Thus, it is reasonable to expect that nonideal 

transport behavior of organic contaminants may be associated with multiple physical and 

chemical factors, as shown by the results of several experiments (Brusseau et al., 1989; 

Brusseau and Rao, 1990; Zurmuhl et al., 1991; Brusseau, 1992; Bourg et al., 1993; Gaber 

et al., 1995). Accurate understanding of contaminant transport behavior would require 

knowledge of the relative contributions of these various factors. 
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The typical approach to laboratory characterization of contaminant transport behavior 

employs bulk samples of porous media collected from the field site. Laboratory studies 

typically involve the homogenization (i.e., mixing) of these bulk samples, followed by 

sieving to exclude the larger particles. These processed subsamples are then uniformly 

packed into columns for miscible-displacement experiments. It is common to employ 

parameters obtained from these laboratory experiments for field-scale transport and fate 

studies. Clearly, the typical homogenization approach is unable to capture the effect of local-

scale porous-media structure on transport behavior. 

One approach to investigate the transport behavior of contaminants in porous media 

that maintains the natural structure of the system is to collect and employ intact cores for 

miscible-displacement experiments. Many researchers have investigated transport of 

contaminants in such undisturbed systems. However, an extensive review of the literature 

reveals that these experiments have been conducted primarily with soils collected from 

agricultural fields (Cassel et al., 1974; McMahon and Thomas, 1974; Anderson and Bouma, 

1977; Tyler and Thomas, 1981; Smith etal., 1985; Seyfiied and Rao, 1987; KhanandJury, 

1990;Zurmiihletal., 1991;Tindalletal., 1992; Wildenschildetal., 1994; Gaberetal., 1995; 

Starrett et al., 1996; Camobreco et al., 1996; Reedy et al., 1996; Cote et al., 1999). 

Conversely, few researchers have investigated the transport behavior of contaminants in 

undisturbed aquifer cores (Ptacek and Gillham, 1992; Bourg et al., 1993; Carmichael et al., 

1999; Setarge et al., 1999). Furthermore, few ofthese transport studies include comparisons 

of results obtained for the undisturbed systems to those obtained for disturbed systems 
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comprised of the same porous media (Cassel et al., 1974; McMahon and Thomas, 1974; 

Smith et al., 1985; Khan and Jury, 1990; Starrett et al., 1996; Camobreco et al., 1996). 

The objective of this study was to investigate the transport behavior of organic 

contaminants in undisturbed cores collected from a contaminated aquifer at a Superflmd site 

in Tucson, AZ. The specific focus of this study was to determine the relative contribution of 

physical-heterogeneity-related processes versus those of rate-limited sorption to the observed 

nonideal transport behavior. The investigation involved a series of miscible displacement 

experiments conducted for the undisturbed cores. Upon completion of these studies, the 

material was homogenized (i.e., well-mixed) and the experiments were repeated. The 

contaminant transport behavior for the undisturbed system was compared to that for the 

disturbed system, and the results were analyzed using a model that explicitly accounts for 

multiple sources of nonideal transport. 

Materials and Methods 

Materials 

Miscible-displacement experiments were conducted using Plexiglas columns, 7.6 cm 

in length and 5.7 cm in diameter. Preliminary experiments indicated negligible retention of 

trichloroethene by the apparatus. Aquifer material was obtained from soil cores, 1.5 m long 

and 13 cm diameter, collected during well installation at a Superfimd site in Tucson, AZ. 

To obtain undisturbed samples of the aquifer material, a portion of die core's sleeve was cut 

away and the Plexiglas column was gently forced into the exposed aquifer material. The 

column was inserted normal to the vertical axis of the core thereby maintaining the same 
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direction of flow in relation to structure orientation as that existing in the field. A series of 

miscible-displacement experiments were then conducted with aqueous solutions containing 

one of several nonreactive tracers or trichloroethene. Following these experiments, the 

column was opened and un-packed, the media was mixed (homogenizing the material), and 

re-packed into the same cleaned column. Similar miscible-displacement e.xperiments were 

then conducted in this disturbed system using a tracer and trichloroethene. 

Total carbon, organic carbon, and particle-size distribution were determined for 

subsamples of the aquifer material. .Average sand, silt, and clay firactions are 89.5% (±0.6%), 

4.1% (±0.6%), and 6.4% (±1.0%), respectively. The average total and organic carbon are 

0.06% (±0.01%) and 0.03% (±0.009%), respectively. 

Eluents 

A synthetic groundwater solution was used in all of the miscible-displacement 

experiments. This synthetic groundwater solution was created based on the identification 

and quantification of major ionic species in groundwater collected from the field site. The 

major cations in. this synthetic groundwater (and average concentration, mgL"') were Na'' 

(50), Ca*" (36), Mg** (25), and major anions were NOj"' (6), CI"' (60), COj^'/HCOj"' (133), 

and SO4"" (99). Trichloroethene (99.5+% purity), pentafluorobenzoic acid (99%), fluorescein 

(sodium salt), and bromide (calcium salt) were obtained from Aldrich Chemical Co. 

Tritiated water was purchased from DuPont. 
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Miscible-displacement Experiments 

Trichloroethene was chosen as the model contaminant as it is present at the field site 

and is one of the most predominant groundwater contaminants. Pentafluorobenzoic acid was 

used as a nonreactive tracer to characterize the contribution of dispersion (i.e., longitudinal 

diffusion and hydrodynamic dispersion) to the non-ideal transport observed for 

trichloroethene. To determine the potential contribution of diffusive mass-transfer to 

transport in the undisturbed system, a series of miscible-displacement experiments were 

conducted using several tracers with different aqueous diffusion coefficients 

(pentafluorobenzoic acid (PFB A), bromide, fluorescein, and tritiated water) and at two pore-

water velocities varying by an order of magnitude (13 and 1.3 cmh '). Additional 

investigation of diffusive mass transfer and the potential existence of low-flow domains was 

accomplished using the flow-interruption mediod (Brusseau et al., 1989). 

Miscible-displacement experiments were conducted using an average influent 

trichloroethene concentration equal to approximately 70 mgL"'. Pentafluorobenzoic acid 

(approximately 100 mgL"') was used as a nonreactive tracer for both the undisturbed and the 

disturbed systems. Fluorescein, bromide, and tritiated water were used as additional tracers 

for the undisturbed system. The average initial concentration for these tracers equaled 1 

mgL"', 300 mgL"', and 2 nCimL"', respectively. The column bulk density and saturated water 

content equaled 1.64 gcm'^ and 0.40, respectively, for the undisturbed system and equaled 

1.82 gcm'^ and 0.33, respectively, for the disturbed system. 

For ail colunm experiments, constant flow at one of two volumetric flowrates, 

2.3 mLmin' and 0.23 mLmin', equivalent to average pore-water velocities (v) of 
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approximately 13 cmh"' and 1.3 cmh"', was provided to the horizontally positioned packed 

colunms by an Acuflow Series II LC pump. Prior to each experiment, water was flushed 

though the apparatus (bypassing the column) and analyzed to ensure no trichloroethene was 

detected. A pulse of the solution, containing eidier a tracer or trichloroethene, was then 

injected into the column. Once the pulse was injected, the column was flushed with synthetic 

groundwater. Effluent samples for the trichloroethene experiments were collected manually 

using a glass gas-tight syringe to minimize volatilization. Effluent samples for the tracer 

experiments were collected using an automated fraction collector. 

Analvtical Methods 

Trichloroethene was analyzed using one of two methods, either by headspace gas 

chromatography equipped with a flame ionization detector (FID) or by flow-through variable 

wavelength UV (Gilson, Model 115). The lower detection limit for trichloroethene using 

headspace GC/FID equaled 0.1 mgL"' and using flow-through UV equaled 0.6 mgL"'. 

Pentafluorobenzoic acid was analyzed by spectrophotometry (Hitachi U-2000), with a lower 

detection limit equal to approximately 1 mgL"'. Fluorescein was analyzed by fluorescence 

spectrophotometry (Hitachi F-2000), with a lower detection limit equal to 10 ugL"' . 

Bromide was analyzed using an ion-specific electrode with a lower detection limit equal to 

approximately 3 mgL*'. 
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Data Analysis 

The results of miscible-displacement experiments conducted in the disturbed system 

were analyzed using the nonlinear, least-squared, optimization program CFITIM3 (van 

Genuchten, 1981) to solve the two-domain-based transport equations. These bicontinuum 

models simulate nonideal transport assuming either physical heterogeneity (e.g., 

mobile/immobile domains) or chemical heterogeneity (e.g., rate-limited sorption/desorption). 

The nondimensional forms of the two bicontinuum models are identical, with 

nondimensional parameters {3 and a> representing the partitioning of the porous media into 

equilibrium and nonequilibrium domains and a non-dimensional rate coefficient, 

respectively. The results of die trichloroethene experiment conducted for the disturbed 

system, assumed to exhibit nonideal transport as a result of rate-limited sorption, were 

analyzed using CFITIM3 by optimizing for two parameters: (i (the fraction of instantaneous 

retardation) and co (the ratio of hydrodynamic residence time to characteristic time of 

sorption). The value for the Peclet number, P, was determined from the tracer data and the 

retardation factor, R, for trichloroethene was determined by analysis of die solute's 

breakthrough curves, specifically by calculating the temporal moments and normalizing 

these results by half the size of the input pulse (TJ as shown in the following equation: 

R 

2 
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where C' is the relative concentration (C/Q), and T is the pore volume. The equilibrium-

sorption coefficient was determined by solving the retardation equation 

where is bulk density, and 6 is the saturated water content. Dispersivity values were 

obtained through analysis of the nonreactive tracer results using CFITIM, a one-dimensional, 

steady-state, equilibrium solute transport code to solve the advective-dispersive transport 

equation. 

In the undisturbed system, the tracer results, assumed to exhibit nonideality due to 

physical-heterogeneity-related processes, were also analyzed using CFITIM, optimizing for 

three parameters: the Peclet number (P); (3 (in this case, representing the fraction of retention 

occurring in the mobile domain); and cj (in this case, related to the mass-transfer coefficient 

for solute exchange between mobile/immobile regions). Finally, using these independently 

determined model parameters describing both the physical-heterogeneity-related and the rate-

limited sorption processes in the undisturbed system, the transport of trichloroethene in the 

undisturbed core was predicted using the multiprocess nonideality (MPNE) model presented 

by Brusseau et al. (1989). A brief description of the bicontinuum models, as well as the 

MPNE model, follows. 

Phvsical Heteroeeneitv-Related Processes. The two-region nonideal transport model 

describing rate-limited mass-transfer between mobile/immobile domains is defined by the 

following two equations: 

(1) 
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A R ^ =  ( 2 )  

where C„* and Cj^' are the solute concentrations in the mobile and immobile domains, 

respectively, normalized by the initial aqueous-phase solute concentration. The remaining 

dimensionless parameters are defined as: 

cL 
O)- — 

V 

R = X ^ ^  

tv 

p=^  
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where d„ is the volumetric water content of the mobile domain,/is the fraction of sorbent 

associated with the mobile domain, D is the longitudinal dispersion coefficient, v„ is the 

average pore-water velocity in the mobile domain, P is the Peclet number, p is the solid-

phase bulk density, K^, is the equilibrimn sorption coefficient, R is the retardation factor, and 

a is the first-order mass transfer constant. In this model, sorption is assumed to be 
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instantaneous and nonideal transport conditions are a result of rate-limited solute transfer 

between mobile and immobile regions in the porous media. It is recognized that this 

conceptualization of the system as comprising advective and non-advective domains is a 

simplification, and may not accurately represent actual flow conditions in the undisturbed 

core. Flow in that system may be described more accurately as having both high- and low-

flow domains. The applicability of employing this model to describe the undisturbed system 

will be evaluated upon application to the nonreactive tracer data. Additionally, the results 

from a dye experiment will be analyzed as a means of determining actual flow conditions in 

the undisturbed system (results discussed later). 

Chemical-Heteroeeneitv-Related Processes. The two-site nonequilibrium sorption 

model describing rate-limited sorption is represented by the following t\\'o non-dimensional 

equations: 

where C* is the normalized concentration of solute in the aqueous phase and the remaining 

parameters are defined as: 

1 <?C' 3C 
(3) 

ct P dC" 3C 

/^R^= eiC-S')  (4) 
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where S, is the sorbed-phase concentration in the rate-limited domain, F is the fraction of 

sorbent for which sorption is instantaneous, and is the mass-transfer rate coefficient. 

Multiprocess Nonidealitv. The multiprocess nonideality (MPNE) model accounts 

for multiple sources of nonideality such as the presence of both physical-heterogeneity-

related and chemical-heterogeneity-related processes. The governing equations for the 

model are as follows: 

4:(c; - s : )*a (c : - c i )=  

(6) 

^+k l (C l -S l , )  = a iC l -C l )  (7) 

/L2-^=CicL-sL) (8) 

The dimensionless parameters employed in the model are defined as follows: 
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where <p = ^m.' „̂2 first-order desorption rate constants for the mobile and 

immobile domains, respectively, and all other parameters are as described previously. 
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Results 

Trichloroethene Transport Behavior 

A representative breakthrough curve obtained from miscible-displacement 

experiments conducted with trichloroethene for the undisturbed system is shown in Figure 

I. The breakthrough curve shows nonideal transport behavior as indicated by the 

asymmetrical shape of the curve, which exhibits early breakthrough and tailing for both the 

arrival and elution waves. Elution curves for trichloroethene from several experiments are 

included in Figure 2, indicating reproducibility was achieved in the undisturbed system. 

Comparisons of the arrival and the elution waves observed for trichloroethene in the 

undisturbed system versus those observed in the disturbed system are shown in Figures 3 and 

4, respectively. Trichloroethene transport in the undisturbed system exhibits greater nonideal 

behavior than that in the disturbed system, with earlier breakthrough and significantly greater 

elution tailing. Sample concentrations in the column effluent reached C/C^ of 0.01 after 

approximately 3 pore volumes of flushing in the disturbed system versus greater than seven 

pore volumes in the undisturbed system. 

The results ofmiscible-displacement experiments conducted with trichloroethene for 

the undisturbed core clearly indicate nonideal transport behavior. As stated previously, 

nonideal transport has been shown to be caused by both physical and chemical processes. 

Physical nonequilibrium conditions, at least in part resulting from variable-flow domains in 

porous media, affect the transport behavior of both non-sorbing and sorbing solutes. In 

contrast, sorption-related nonequilibrium conditions affect only sorbing solutes. The 
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following sections describe experiments designed to elucidate the relative contribution of 

physical heterogeneity to the nonideal transport observed for trichloroethene. 

Impact of Phvsical-Heteroeeneitv-Reiated Processes on Transport Behavior 

Nonreactive tracer experiments were conducted to investigate the potential 

contribution of physical-heterogeneity-related nonideality to the transport behavior observed 

for trichloroethene in the undisturbed system. The mechanisms potentially responsible for 

this nonideal behavior include axial, film (considered by many researchers to be insignificant 

as compared to other potential mechanisms), and intraparticle diffusion (associated with 

aggregated porous material potentially present in the core), as well as mass transfer 

associated with variable-flow domains in the undisturbed aquifer material. The results of 

experiments conducted with pentafluorobenzoic acid (PFB A) in both the undisturbed and the 

disturbed systems are shown in Figure 5. The breakthrough curves for the disturbed system 

are symmetrical, indicating ideal transport behavior. This suggests transport-related 

nonequilibrium is not a factor in this system. In contrast, the breakthrough curves for the 

undisturbed system are asymmetrical, with earlier breakthrough and significantly greater 

elution tailing. The transport behavior of the tracer observed in the undisturbed system 

suggests the presence of nonideality associated with the physical heterogeneity of the aquifer 

material. 

The tracer data obtained for the disturbed system were analyzed using the ideal-

transport-based model (i.e., (S equals I for Eqn. 1 and 2). As discussed previously, the 

breakthrough curves observed for the tracer in this system are symmetrical. Furthermore, the 
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ideal model provides a good fit to the measured data (simulations included in Figure 5). The 

tracer data obtained for the undisturbed system were analyzed using the bicontinuum model 

(Eqn. 1 and 2) to account for the nonideality due to physical heterogeneity as suggested by 

the shape of the breakthrough curves. The optimized parameters obtained firom both the ideal 

and the bicontinuum models for the disturbed and undisturbed systems, respectively, are 

listed in Table 1. 

The bicontinuum model successfully simulates the measured data in the undisturbed 

system, including the observed early breakthrough and tailing (Figure 5). As stated 

previously, the model assumes rate-limited mass transfer related to mobile and immobile 

domains in the system. To determine the applicability of this simplified conceptualization 

to the system, a red-acid dye experiment was conducted for the undisturbed core. The results 

(shown in Figure 6) indicate non-uniform flow conditions in the column. Obvious 

preferential flow-paths were observed along the length of the column. Heterogeneously 

distributed gravel and silt/clay lenses were apparent upon dissection and visual inspection 

of the cores. However, obvious firactures and/or macropores in the core material were not 

apparent. Furthermore, the material is composed primarily of single particles (predominately 

sand), with no evidence of aggregated material. Based on these results, flow in the 

undisturbed system is probably best described as having both higher-flow domains as well 

as lower-flow domains rather than strict mobile and immobile domains. However, given that 

the bicontinuum model successfully simulates the nonideal behavior of the tracer in the 

undisturbed system, we will use this approach for simplicity. 
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A series of miscible-displacement experiments were conducted to further investigate 

the physical-heterogeneity-related nonideal transport observed in the undisturbed system. 

Experiments were conducted using multiple tracers with different aqueous diffusion 

coefficients and at two pore-water velocities varying by an order of magnitude to specifically 

examine the contribution of diffusive mass transfer to the nonideal transport. In theory, if 

diffusion is contributing to nonideal transport in the system, the degree of nonideality should 

vary for solutes with different magnitudes of aqueous diffusion coefficients (Brusseau, 1993; 

Maloszewski and Zuber, 1993). A comparison of the arrival waves for bromide, PFBA, and 

fluorescein is shown in Figure 7. The extent of nonideal transport behavior indicated by 

early breakthrough and tailing increases slightly for solutes with smaller diffusion 

coefficients (i.e., bromide < PFBA < fluorescein), wherein 4.7, 5.0, and 6.1 pore volumes, 

respectively, are required to reach a relative concentration of 1.0. These results suggest the 

possible presence of diffusive mass transfer phenomena in the undisturbed system. 

The breakthrough curves for each of the three nonreactive tracers (bromide, PFBA, 

and fluorescein) obtained at two pore-water velocities (13 cmh"' and 1.3 cmh"') are shown 

in Figures 8,9, and 10, respectively. All of the tracers exhibit nonideal transport behavior. 

Given that diffusive mass transfer is a rate-limited process, the degree of transport 

nonideality should increase as hydraulic residence time decreases. However, for all of the 

tracers employed, there was no measurable difference in the breakthrough curves obtained 

at the two pore-water velocities. These results suggest that spreading is dominated by 

hydrodynamic dispersion, which is inconsistent with the results obtained for the diffusive 

tracer test discussed above. There are several possible explanations for this discrepancy. 
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First, several researchers have investigated mechanisms contributing to dispersion in 

aggregated (or structured) media and have concluded that dispersion is dominated by axial 

diffusion at low pore-water velocities, by hydrodynamic dispersion at intermediate velocities, 

and by intraparticle diffusion at higher velocities (Passioura and Rose, 1971; Rose, 1973; 

Brusseau, 1993). The two pore-water velocities tested herein cover an "intermediate" pore-

water velocity range in which the dispersivity remains relatively constant in an aggregated 

or structured media (Brusseau, 1993). Second, the minimal impact of residence time may 

be due to relative insensitivity of the experiments to the degree of nonequilibrium in the 

system. Recognizing these limitations, Brusseau et al. (1989) demonstrated the use of the 

flow-interruption method, shown to have a greater sensitivity to nonequilibrium processes 

(Brusseau et al., 1989; Hu and Brusseau, 1995; Reedy et al., 1996; Brusseau et al., 1997). 

The following section will describe flow-interruption experiments conducted in the 

undisturbed system. 

Flow-interruption experiments were performed to further investigate the observed 

physical-heterogeneity-related nonideal transport in the undisturbed system (e.g., die 

potential existence of mobile/immobile domains and associated diffusive mass transfer). The 

experiments, conducted using two tracers (PFBA and tritiated water), involved periods (4 

hours) of flow interruption in the elution wave of the breakthrough curves. The aqueous-

phase concentrations increased after flow was resumed (Figures 11 and 12 for PFBA and 

tritiated water, respectively). This indicates the existence of nonuniform concentration 

distributions and associated rate-limited mass transfer (i.e., nonequilibrium conditions caused 

by diffusive mass transfer) in the system. As the solutes employed in these experiments are 
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nonreactive, these results suggest the existence of nonuniform flow domains in the 

undisturbed core, consistent with the results of the dye experiment. 

In summary, tracer experiments conducted with solutes having different aqueous 

diffiisivities yielded a slight increase in nonideality with a solute-size increase, suggesting 

the presence of a diffusive mass transfer process. The nonuniform flow conditions of the 

system and associated rate-limited diffixsive mass transfer appears to be the primary physical-

heterogeneity-related process contributing to die nonideal transport behavior associated with 

the undisturbed core. These results were further supported by results of the flow-interruption 

experiments, wherein the presence of nonequilibrium (e.g., diffusive mass transfer between 

nonuniform flow domains) was clearly indicated. The following section will discuss the 

application of the parameters describing the rate-limited sorption processes, determined 

through the analysis of the trichloroethene data in the disturbed core, along with the 

parameters describing the physical-heterogeneity-related nonideality in the undisturbed core, 

determined through the analysis of the tracer data, to determine the relative contribution of 

each process to the nonideal transport behavior of trichloroethene in the undisturbed system. 

Trichloroethene Simulation Results 

The breakthrough curves obtained for trichloroethene in the disturbed system are 

compared to those obtained for the nonreactive tracer in Figure 13, wherein the abscissa has 

been scaled by the retardation factor. Scaling the abscissa to account for retardation allows 

for direct comparison of the transport behavior observed for the two compounds. As 

discussed previously, the breakthrough curve of the tracer is symmetrical, exhibiting ideal 
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transport behavior, hi contrast, the breakthrough curve of trichloroethene exhibits nonideal 

transport, with early breakthrough and tailing (see Figure 13). 

The nonideal transport observed for trichloroethene appears to be related to rate-

limited sorption/desorption behavior, as the contribution of physical-heterogeneity-related 

processes to nonideal transport is minimal as indicated by the ideal results obtained for the 

nonreactive tracer experiments. Using the Peclet number determined from the tracer analysis 

discussed above and the retardation factor determined from moment analysis of the measured 

data, the results of the trichloroethene experiment in the disturbed core were analyzed with 

the bicontinuum model, accounting for rate-limited sorption (Equations 3 and 4). An 

example of the simulation results obtained from the model is included in Figure 13. The 

model provides a good fit to the measured data, simulating the early breakthrough and 

tailing. Optimized model parameters are included in Table 1. 

The contribution of rate-limited sorption/desorption to the nonideal transport of 

trichloroethene is clearly indicated (Figure 13) as discussed above. The comparison of 

trichloroethene transport behavior observed for the disturbed system to that observed for the 

undisturbed system (Figures 3 and 4) indicates greater nonideal transport behavior in the 

latter. Clearly, these results indicate that both physical and chemical processes contribute to 

the nonideal transport behavior of trichloroethene in the undisturbed system. The following 

section will discuss results of simulations conducted to determine the relative contribution 

of each factor to the nonideal behavior. 

The breakthrough curves obtained for trichloroethene from two miscible-

displacement experiments conducted for the undisturbed system are compared to that 
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obtained for a nonreactive tracer in Figure 14. Once again, the abscissa has been scaled to 

account for retardation. The breakthrough curves are nearly identical, suggesting the degree 

of nonideal transport observed for the two solutes is similar. Given the small degree of 

sorption measured for trichloroethene (retardation factors ranging from 1.02 to 1.15), these 

results are not unexpected. It is of interest to note that the contribution of rate-limited 

sorption to the nonideal transport of trichloroethene for this aquifer material is evident in the 

breakthrough curve of the solute in the disturbed system. However, it appears that physical-

heterogeneity-related processes are dominant in contributing to the nonideal transport of 

trichloroethene in the undisturbed system. 

These conclusions are supported by the simulation results obtained using the MPNE 

model (Figure 15). The model parameters were independently determined through analysis 

of the experiments discussed previously. For example, parameter values determined from the 

analysis of tracer results in the disturbed system (i.e., the Peclet number) were used to 

analyze the trichloroethene results in the same system (see Table 1). The results from the 

latter analysis yielded parameters related to rate-limited sorption (i.e., (3, the fraction of 

instantaneous retardation, and the characteristic time of sorption). F inally, analysis of the 

tracer results in the undisturbed system yielded parameters related to the physical-

heterogeneity-related nonideality occurring in the system (i.e., the Peclet number, (5, the 

fraction of sorption sites in the high-flow domain, and a, the characteristic time of solute 

exchange between the variable flow domains of the aquifer material). Using these parameters 

to describe the processes contributing to the nonideal transport behavior, a prediction 
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of trichloroethene transport in the undisturbed system was made with the multi-process 

nonideality model. 

Employing the independently determined parameters (as discussed previously), the 

following values for the /J terms (representing the fraction of retardation occurring within 

each of the four domains as described for the MPNE model) were calculated: /J, = 0.56, p, 

= 0.04, Pj = 0.37, and = 0.03. The Damkohler number, w, representing the contribution 

of physical-heterogeneity-related processes to the total nonideal transport, was determined 

from the analysis of the nonreactive tracer data in the undisturbed system and equaled 0.28. 

The calculated Damkohler numbers, kj and representing the contribution of rate-limited 

sorption to the nonideal transport, equaled 2.7 and 4.4, respectively. Comparing the 

magnitudes of the Damkohler numbers (w, kj, and it is apparent that the contribution 

of rate-limited sorption to the nonideal transport observed in the undisturbed system is 

expected to be relatively insignificant compared to the contribution of physical-

heterogeneity-related processes. This observation is also apparent when comparing the /3 

terms. Specifically, and /3^, representing the fraction of retardation associated with rate-

limited sorption in the mobile and immobiledomains, respectively, are significantly smaller 

than P, and P3, which represent the fraction of retardation associated with instantaneous 

sorption in the mobile and inmiobile domains, respectively. As stated previously, the 

nonideal transport of trichloroethene in the undisturbed system appears to be associated with 

physical-heterogeneity-related processes. 

Comparison of the predicted simulation to the measured data for trichloroethene 

clearly indicates the MPNE model successfully represents the nonideal transport behavior 
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for the undisturbed system. Furthermore, the analysis of parameters describing the relative 

contributions of each particular factor (as discussed above) to nonideal transport clearly 

indicates that physical-heterogeneity-related processes significantly affect the transport 

behavior of trichloroethene in the undisturbed system. In contrast, the contribution of rate-

limited sorption/desorption to the nonideal transport behavior is essentially negligible. As 

stated previously, this conclusion is not unexpected based on the minimal sorption measured 

for trichloroethene with this aquifer material. Additionally, these results are further supported 

by a prediction made of trichloroethene transport for the undisturbed system using the 

bicontinuum, two-domain-based model (Eqns. 1 and 2). Employing only the parameters 

related to the physical-heterogeneity-related processes, the prediction using the bicontinuum 

approach (results not shown) is nearly identical to the prediction made using the MPNE 

model. 

Summary 

The results of miscible displacement experiments conducted using undisturbed 

aquifer cores compared to disturbed cores clearly indicate that the transport of 

trichloroethene in the aquifer material is affected by both physical and chemical 

nonequilibrium processes. Using independently determined parameters describing these 

processes, the transport of trichloroethene in the undisturbed core was successfully predicted 

using the multiprocess nonideality (MPNE) model. The simulations indicate that physical-

heterogeneity-related processes contribute greatly to trichloroethene transport behavior 

whereas the contribution of rate-limited sorption/desorption is essentially negligible. In this 
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case, the transport behavior of trichloroethene was accurately described incorporating only 

physical-heterogeneity-related processes. However, the possible existence of multiple 

sources of nonideal behavior clearly must be considered for each site when conducting 

characterization studies of contaminant transport. 
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Table 1. Parameter Values Determined Through Analysis of Measured Data. 

Solute System Model R P P 0) 
Rate 

Constant, 
min"' 

PFBA homogenized LEA 0.83 24 NA NA NA 

TCE homogenized 2-site 1.03 24 0.46 1.80 k:= 1.6 

PFBA undisturbed 2-domain 0.71 7 0.61 0.28 a = 3.3E-3 
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Figure 1. Representative trichloroethene breakthrough curve for the undisturbed system. 
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Figure 2. Elution waves from several trichloroethene experiments conducted with the 
undisturbed system. 
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Figure 3. Trichloroethene breakthrough curves for the undisturbed vs. homogenized 
systems. 
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Figure 4. Trichloroethene elution waves (log-plot) for the undisturbed vs. homogenized 
systems. 
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Figure 9. Breakthrough curves obtained for PFBA at two pore-water velocities. 
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Figure 10. Breakthrough curves obtained for tritiated water at two pore-water velocities. 
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Figure 11 . Breakthrough curves for the flow-interruption experiment conducted with PFBA. 
Flow was interrupted during the elution front for 4 hours. 
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Figure 12. Breakthrough curves for the flow-interruption experiment conducted with 
tritiated water. Flow was interrupted during the elution front for 4 hours. 
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Figure 13. Trichloroethene vs. PFBA breakthrough curves (scaled for R) for the 
homogenized system including simulations results. 
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Figure 14. Trichloroethene vs. PFBA breakthrough curves (scaled for R) for the undisturbed 
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Abstract 

Nonideal contaminant transport, specifically long-term elution tailing, has been 

attributed to several mechanisms including porous-media heterogeneity, nonlinear, rate-

limited sorption/desorption, and rate-limited dissolution of nonaqueous phase liquids. 

Characterization of nonideal transport behavior through tiie quantitative analysis of these 

potentially responsible multiple physical and chemical factors is necessary to evaluate 

contamination potential, conduct risk assessments, and for the planning and implementation 

of remediation systems. The objective of this study was to investigate the long-term, low-

concentration elution tailing of organic contaminants from a naturally heterogeneous (poorly 

sorted) aquifer material, with a specific focus on characterizing the relative contribution of 

rate-limited dissolution of immiscible-liquid phase trichloroethene. A comparison of the 

trichloroethene transport behavior in the dissolution and miscible-displacement experiments 

suggests that the low-concentration elution tailing observed in the dissolution experiment is 

associated with rate-limited sorption/desorption. The complete dissolution of trichloroethene 

was successfully simulated by combining descriptions of rate-limited dissolution and rate-

limited sorption/desorption. Specifically, the steady state and transient dissolution phases 

were described using a first-order immiscible-liquid dissolution equation and the low-

concentration elution tailing was described using the log-normal PDF approach accounting 

for rate-limited sorption/desorption. The results of this study clearly indicate that multiple 

processes contributed to the trichloroethene elution behavior when inuniscible-liquid phase 

was present. 
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Introduction 

Long-term contaminant elution tailing associated with nonideal transport behavior 

is often observed when flushing contaminated porous media with water (pump and treat) or 

air (soil venting). This nonideal behavior has incited research into potentially responsible 

mechanisms. Furthermore, several experiments have shown that nonideal transport behavior 

of organic contaminants may be associated with multiple physical and chemical factors 

(Brusseauetal., 1989; Brusseau and Rao, 1990;Zurmuhletal., l991;Brusseau, 1992; Bourg 

etal., 1993; Gaberetal., 1995). Characterization of nonideal transport behavior through the 

quantitative analysis of these processes is necessary to evaluate contamination potential, 

conduct risk assessments, and abatement. 

Nonideal contaminant transport, specifically long-term elution tailing, has been 

attributed to several mechanisms including porous-media heterogeneity, nonlinear, rate-

limited sorption/desorption, and rate-limited dissolution of nonaqueous phase liquids. The 

uptake or release of organic compounds (sorption/desorption) by porous media has been 

shown to be rate-limited (e.g., Karickhoff, 1984; Wu and Gschwend, 1986; Brusseau and 

Rao, 1989; Pignatello, 1990; Ball and Roberts, 1991; Brusseau et al., 1991a, b; Grathwohl 

and Reinhard, 1993; Pignatello and Xing, 1996). Additionally, numerous miscible-

displacement experiments have shown that local-scale physical heterogeneity of a porous 

medium (e.g., aggregation, stratification, and/or firacturing) can also resxUt in nonideal 

transport behavior (e.g., Passioura, 1971; Passicura and Rose, 1971; Bouma and Anderson, 

1977; van Genuchten and Wierenga, 1977; Rao et al., 1980; Nkedi-Kizza et al., 1982; 

Seyfiied and Rao, 1987; Herr et al., 1989; Singh and Kanwar, 1991; Wildenschild et al.. 
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1994; Reedy et al., 1996). Finally, much research has been conducted in the area of NAPL 

dissolution (Hunt et al., 1988; Miller etal., 1990; Mackayetal., 1991; Anderson etal., 1992; 

Powers et al., 1992; Mayer and Miller, 1992; Geller and Hunt, 1993; Imhoff et al., 1994; 

Lesage and Brown, 1994; Powers et al., 1994; Priddle and MacQuarrie, 1994; Imhoff et al., 

1996; Imhoff et al., 1998) which has shown this mass transfer can be rate-limited (e.g.. Hunt 

et al., 1988; Powers et al., 1991; Powers et al., 1994). Clearly, the persistence of NAPL 

contaminated zones serve as long-term sources of groundwater contamination due to the 

continuous, slow dissolution of hydrophobic organic chemicals. 

It is of interest to note that most NAPL dissolution studies have involved 

homogeneous porous media (Miller et al., 1990; Anderson et al., 1992; Geller and Hunt, 

1993; Powers et al., 1992; Powers et al., 1994; Imhoff et al., 1998), while several researchers 

have studied NAPL dissolution in well-defined mixtures of sands (Anderson et al., 1992; 

Imhoff et al., 1998) and even well-defined mixtures of aquifer materials (Powers et al., 1992; 

Powers et al., 1994; Imhoff et al., 1998). However, laboratory studies conducted using 

naturally heterogeneous aquifer materials has not been previously reported. Furthermore, 

few researchers have conducted dissolution studies to include the complete dissolution of the 

immiscible-phase liquid (Imhoff et al., 1994; Imhoff et al., 1998). Thus, the low-

concentration elution behavior of immiscible-liquid phase dissolution has not been fully 

characterized. Finally, an extensive review of the literature reveals that investigations 

explicitly differentiating NAPL dissolution processes firom those of rate-limited 

sorption/desorption processes has not been previously reported in the literature. 
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The objective of this study was to investigate the long-term, low-concentiiation 

eiution tailing of organic contaminants from a naturally heterogeneous (poorly sorted) 

aquifer material, with a specific focus on characterizing the relative contribution of rate-

limited dissolution of immiscible liquid, specifically trichloroethene. Previous research 

(Appendix A) characterized the nonideal transport behavior of trichloroethene associated 

with rate-limited sorption/desorption. The results of experiments presented herein concerning 

the complete dissolution of inuniscible-liquid phase trichloroethene are compared to those 

obtained firom miscible-displacement experiments characterizing the contribution of rate-

limited sorption/desorption. As described in Appendix A, the results of trichloroethene 

miscible-displacement experiments were analyzed using a log-normal continuous-

distribution approach (termed the PDF model) to account for rate-limited 

sorption/desorption. A combined, multi-process mathematical model was necessary to 

describe the complete dissolution of trichloroethene, including the low-concentration eiution 

tailing observed in the dissolution experiments. Specifically, equations incorporating a first-

order mass transfer process were used to describe inuniscible-liquid dissolution, while the 

PDF-based approach was used to simulate sorption/desorption processes. 

Materials and Methods 

Materials 

Trichloroethene was chosen as the model contaminant as it is one of the most 

predominant groundwater contaminants. Ethanol was used as a nonreactive tracer to 

characterize the contribution of hydrodynamic-related dispersive processes to the eiution 
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tailing observed fortrichloroethene. The porous medium is a sandy aquifer material collected 

during well installation at a Superfimd site in Tucson, AZ. The aquifer material was oven 

dried for 24 hours at 105 ° C, sieved to exclude the >2 mm size fraction, and well mixed prior 

to use. Subsamples of the bulk media were stored in jars containing synthetic groundwater 

solution until used for miscible-displacement experiments. Analysis of subsamples of the 

aqueous solution collected from the jars containing the aquifer material yielded non-

detectable trichloroethene concentrations (<0.1 ^igL"'). Total carbon, organic carbon, and 

particle-size distribution were determined for the remaining bulk media. Average sand, silt, 

and clay fii^ctions are 89.5% (±0.6%), 4.1% (±0.6%), and 6.4% (±1.0%), respectively. The 

average total and organic carbon are 0.06% (± 0.01%) and 0.03% (±0.009%), respectively. 

Eluents 

A synthetic groundwater solution was created based on the identification and 

quantification of major ionic species in groundwater collected from the field site and used 

in all of the experiments. The major cations in this synthetic groundwater (and average 

concentration, mgL"') were Na*' (50), Ca'* (36), Mg*- (25), and major anions were NOj"' (6), 

Cr' (60), COj^'/HCOj"' (133), and SO/* (99). Trichloroethene (99.5+% purity) was obtained 

from Aldrich Chemical Co. Ethanol (100%) was obtained from Quantum Chemical Co. 

Dissolution Experiments 

All components of the experimental apparatus were constructed of stainless steel to 

prevent adsorption. The columns, 7 cm long and 2.1 cm i.d., were packed vertically in 
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incremental steps with wet aquifer material and water-saturated by flushing with 

approximately 80 pore volumes of synthetic groundwater. Trichloroethene was then pumped 

into the column from the bottom using a syringe pump (SAGE Model 355) equipped with 

a 20 mL syringe filled with NAPL until breakthrough ofNAPL was achieved in the effluent. 

An aqueous solution saturated with trichloroethene was then pumped in the opposite 

direction (down-ward flow) using an SSI (Model 300) LC pump at approximately twice the 

experimental flowrate, displacing mobile trichloroethene, ultimately establishing a residual 

phase of trichloroethene liquid in the coliunn. Pumping was continued in this manner, 

collecting the effluent in a graduated cylinder, until NAPL was no longer detected in the 

column effluent. The dissolution experiment was then initiated immediately using an 

Acuflow Series II pump for delivery of trichloroethene-free synthetic groundwater in the 

downflow mode at a volumetric flowrate of 0.5 mLmin"', equivalent to an average pore water 

velocity (v) of approximately 24 cmh"'. 

Miscible-disnlacement Experiments 

Following the complete dissolution of trichloroethene, a miscible-displacement 

experiment (similar to those described in Appendix A) was conducted in the same packed 

column. This experiment involved a large input pulse (220 pore volumes), flushing the 

aquifer material with a similar amount of aqueous, saturated trichloroethene solution as in 

the dissolution experiment. This input pulse of aqueous trichloroethene solution 

(approximately 1100 mgL*') was pumped through the column in the up-flow mode using an 

ISCO (Model 500D) syringe pump (designed to minimize loss to volatilization). 
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Immediately following this input pulse, trichloroethene-free synthetic groundwater was 

provided by an Acuflow Series II pump. The use of separate pumps minimized potential 

cross-contamination problems. Finally, ethanol (approximately 1500 mgL"') was used as a 

nonreactive tracer. 

Analvtical Methods 

Trichloroethene was analyzed by headspace gas chromatography using either a flame 

ionization (FID) or electron capture (ECD) detector depending on sample concentration. The 

lower detection limit for trichloroethene using headspace GC/ECD equaled 0.1 |igL''. 

Ethanol was analyzed by headspace GC/FID with a lower detection limit of 0.06 mgL"'. 

Data Analvsis 

The total recovered trichloroethene mass was determined through analysis of the area 

under the concentration versus time curve. The retardation factor, R, and equilibrium-

sorption coefficient, Kj, (L^\f') for the elution of trichloroethene were determined through 

analysis of the trichloroethene breakthrough curve from the miscible-displacement 

experiment. The retardation factor was determined by calculating the temporal moment and 

normalizing this result by half of the size of the trichloroethene aqueous-solution input pulse. 

The initial distribution of trichloroethene mass between the sorbed, aqueous, and immiscible-

liqmd phases (yielding the initial NAPL saturation in the column) was determined from the 

total recovered trichloroethene mass and the equilibrium-sorption coefScient. The 

dispersivity value was obtained through analysis of the nonreactive tracer results. 



r3i 

The dissolution of trichloroethene was described by a widely used first-order mass 

transfer equation: 

= (1) 

where py is the density of trichloroethene, 0y is the fractional volumetric content of 

trichloroethene, C is the aqueous concentration of trichloroethene, C5 is the aqueous 

solubility of trichloroethene, and ^La is a lumped mass transfer coefficient for dissolution 

(specifically the product of the mass transfer coefficient and the specific NAPL interfacial 

area). It is clear that as NAPL is dissolved in long-tenn dissolution processes, the specific 

NAPL interfacial area decreases thereby resulting in decreasing mass transfer rates (Miller 

et al., 1990; Geller and Hunt, 1993; Imhoff et al., 1994; Powers et al., 1994). Applying the 

above first-order mass transfer equation (1), the governing one-dimensional, advection-

dispersion equation describing the transport of trichloroethene with dissolution is: 

^~J+ + ^2 (2) 

where 6„ is the fractional volumetric water content, q is Darcy velocity, D is the dispersion 

coefficient, and S represents sorption/desorption dynamics (as described below). 

Application of the governing equation (2) along with an empirical relationship 

presented by Powers et al. (1994) accounting for the dependence of the NAPL-aqueous phase 

mass transfer rate coefficient on such factors as properties of the porous media, aqueous 

pore-water velocity, and the molecular diffusion coefficient of trichloroethene was 
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accomplished using a mathematical model based on that presented in Zhang and Brusseau 

(1999). In summary, the time dependence of specifically, decreasing mass transfer rates 

as NAPL dissolution proceeds was represented by: 

where Re [= is the Reynolds number. Calibration of the model to fit the steady 

state and transient dissolution phases was performed by optimizing the coefficient p and the 

initial mass transfer coefficient, 

A description of the PDF model used to simulate the measured long-term elution 

tailing of trichloroethene in the miscible-displacement experiments as well as the low-

concentration tailing in the dissolution experiments associated with rate-limited 

sorption/desorption can be found in Appendix A. Calibration of this model was performed 

by optimizing three parameters: the equilibrium sorption coefficient {Kj), the mean mass-

transfer rate coefficient {k,), and die variance of the rate coefficient. The optimized values 

for the equilibrium sorption coefficient were then compared to those determined through 

analysis of the miscible-displacement breakthrough curves. 

Results 

Trichloroethene Dissolution Behavior 

The results of the complete dissolution of trichloroethene immiscible liquid are 

shown in Figure 1. The initially high and constant effluent concentrations during the first 175 

(3) 



133 

pore volumes are representative of steady state dissolution. "Steady state" refers to the 

relatively constant effluent concentrations achieved before any significant changes in NAPL 

saturation values occur as flushing of the porous media continues (Powers et al., 1992). 

Following this steady state phase, effluent concentrations decrease at a fairly constant rate 

defined as the transient phase wherein the NAPL saturation decreases (Powers et al., 1992; 

Imhoff et al., 1994). At approximately 400 pore volumes the data begins to "tail" until 

effluent concentrations become undetectable (-0.4 ng L"'). 

Figure 2 shows a comparison of the transport behavior of trichloroethene observed 

in the dissolution experiment using the poorly sorted aquifer material to that using a uniform 

sand (20/30 mesh Accusand). The effluent concentrations for the uniform sand drop more 

rapidly compared to the poorly sorted aquifer material. Additionally, the measured slopes 

(log-concentration versus pore volumes) of die transient phases equal -0.03 and -0.02, 

respectively, indicating the transient phase for the uniform sand drops more rapidly than that 

for the aquifer material. These results are as expected given that as porous media 

heterogeneity increases, the contribution of rate-limited mass transfer to dissolution 

processes increases. 

Similar results have been reported in the literature (Powers et al., 1994; Imhoff et al., 

1998). For example. Powers et al. (1994) shows the results of dissolution experiments 

conducted in a mixed-grain aquifer material compared to a uniform sand, clearly indicating 

the significance of porous media heterogeneity on the dissolution behavior of 

trichloroethene, wherein the overall transient phase of trichloroethene dissolution for the 

uniform sand drops with a steeper slope than that of the mixed aquifer material. Additionally, 
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the measured elution curves show significantly greater elution tailing from the mixed 

medium than the uniform sand with relative concentrations reaching 10"^ versus almost 10"*, 

respectively, after flushing the media greater than 900 pore volumes. Imhoff et al. (1998) 

compares the transient phases for the dissolution of trichloroethene inuniscible-liquid phase 

from uniform glass beads, mixed sand, and a nonuniform soil mixture. It is important to note 

that the analysis of these elution curves is complicated by the fact that the researchers report 

significant interference with retention of trichloroethene by the experimental apparatus, 

therefore, the transient phases are compared only to relative concentrations of 10"\ However, 

a visual comparison of the slopes of the transient phases indicates a steeper drop in effluent 

concentrations for the more uniform media (Imhoff et al., 1998). This analysis shows that 

as porous media heterogeneity increases, the contribution of rate-limited mass transfer to 

dissolution processes increases. 

The total trichloroethene mass recovered determined through analysis of the area 

under the concentration versus time curve equaled 2420 mg of trichloroethene. Based on the 

equilibrium sorption coefficient (0.04 mLg"') obtained from moment analysis of the 

miscible-displacement experiment (results discussed below), the initial sorbed mass of 

trichloroethene equaled 2.7 mg. The initial mass of trichloroethene in the aqueous phase 

equaled 10.0 mg. Therefore, the remaining 2407 mg of trichloroethene comprised the 

immiscible-liquid phase, representing an initial NAPL saturation of 20.6%. Included in 

Figure I is the cumulative mass removed as a flmction of pore volumes throughput. After 

265 pore volumes of flushing, effluent concentrations equaled 3% of saturated concentrations 

or 51 mgL"'. This concentration is significantly greater than those associated with the low-
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concentration elution tail, which begins at approximately 0.2 mgL"'. In addition, at this point, 

2408 mg of trichloroethene was recovered, which represents 99.5% of the total mass 

recovered and is equivalent to the initial mass of immiscible liquid. This analysis suggests 

that the observed low-concentration elution tailing is not associated with dissolution of 

inmiiscible-liquid phase. 

The results from a miscible-displacement experiment conducted following the 

complete dissolution of trichloroethene are compared to those obtained from the dissolution 

experiment in Figure 3. The experiment involved approximately 220 pore volume input 

pulse of a saturated trichloroethene solution with effluent concentrations monitored to the 

detectable limit. The results are representative of trichloroethene transport behavior from 

miscible-displacement experiments in this aquifer material (see Appendix A) with aqueous 

concentrations rapidly decreasing during the initial stage of flushing, followed by long-term, 

low-concentration tailing. The equilibrium-sorption coefficient obtained from moment 

analysis equaled 0.04 mLg"', very similar to values obtained in previous miscible-

displacement experiments (Appendix A). 

Plotting the dissolution and miscible-displacement experiment results together allows 

for direct (visual) comparison of the elution tails, showing very similar shapes to the low-

concentration elution tails. Furthermore, the slopes of the elution tails (log-concentration 

versus pore volumes) equaled -0.0056 and -0.0060, respectively (Table 1). For further 

comparison, included in Table I is the average slope (-0.0079 ±0.0003) from three miscible-

displacement experiments discussed in Appendix A. This analysis as well as the mass-

recovery analysis discussed above suggests that the low-concentration elution tailing 
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observed in the dissolution experiment is associated with rate-limited sorption/desorption 

and not immiscible-liquid dissolution. 

Mathematical Modeling 

The simulation obtained using die log-normal PDF model to describe the elution 

curve for trichloroethene from die miscible-displacement experiment conducted herein 

(involving a large input pulse of dissolved-phase trichloroethene) is shown compared to the 

measured data in Figure 4. The model provides a good fit to the full elution curve, including 

the rapid decrease during the initial stage of flushing and the low-concentration elution tail. 

The optimized value of die equilibrium-sorption coefficient, 0.044 mLg"', is very similar to 

the value of 0.041 mLg"' obtained from moment analysis. Furthermore, these results as well 

as the mean mass-transfer rate coefficient (^,), and the variance of the rate coefficient (see 

Table I) are similar to those obtained from previous miscible-displacement experiments 

(Appendix A). 

As stated previously, the complete dissolution of trichloroethene was simulated by 

combining the dissolution and PDF mathematical models. Specifically, the steady state and 

transient dissolution phases were described using a first-order immiscible-liquid dissolution 

equation and the low-concentration elution tailing was described using the log-normal PDF 

approach to account for rate-limited sorption/desorption. Simulation results providing an 

excellent description of the measured data for the complete dissolution of trichloroethene are 

included in Figure 5. Also included for comparison is a simulation showing the elution tail 

assuming trichloroethene experiences no retention by the aquifer material (i.e., excluding 
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rate-limited sorption/desorption). Parameters obtained from the calibration of the respective 

models are included in Table I. The optimized value of the mean mass-transfer rate 

coefficient obtained from the calibration of the PDF model yields very similar results to those 

from the simulation of the miscible-displacement experiments. These results suggest that 

trichloroethene transport behavior in the dissolution experiment can only be completely 

described when accounting for rate-limited sorption/desorption. 

Summary 

The results of the miscible-displacement experiment conducted herein (as well as 

those presented in Appendix A) compared to the complete dissolution of trichloroethene 

indicate that the transport of trichloroethene in the aquifer material is affected by both 

dissolution and rate-limited sorption/desorption. The transport behavior of trichloroethene 

in the dissolution experiment was successfully modeled using a combined mathematical 

model to account for the steady state and transient dissolution phases and the observed low-

concentration elution tailing, indicating the relative contributions of dissolution and rate-

limited sorption/desorption. The results of this study clearly indicate that multiple processes 

contributed to the trichloroethene elution behavior when immiscible-liquid phase was 

present. The transport of trichloroethene was controlled by NAPL dissolution in the early 

stages of flushing, wherein high effluent concentrations were detected and the impact of rate-

limited sorption/desorption was negligible. This latter process became significant once the 

immiscible-liquid phase was completely dissolved and rate-limited sorption/desorption 
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controlled the transport behavior of trichloroethene resulting in long-term, low-concentration 

elution tailing. 
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Table I. Sununary of Experiments. 

Experiment 
Slope of Low-
Concentration 
Elution Tail® 

Dissolution 
model 

h-' 

PDF model 

Experiment 
Slope of Low-
Concentration 
Elution Tail® 

Dissolution 
model 

h-' 

mLg' 
A-,, 
h-' 

var(k2) 

dissolution -0.0056 12.05 0.030 5.61 101.7 

miscible-
displacement, 
this study 

-0.0060 NA' 0.044 19.1 441 

miscible-
displacement, 
previous 
work'' 

-0.0079 NA 0.011 4.93 25.5 

"Calculated for the log-normal, low-concentration elution tail. 
''Average results of three experiments (Appendix A). 
T^Iot applicable. 
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Figure I. Aqueous phase effluent concentrations and cumulative mass recovered for die 
complete dissolution of trichloroethene immiscible liquid in the poorly sorted 
aquifer material. 
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Figure 3. Comparison of elution behavior for the complete dissolution of trichloroethene 
versus that of a large input pulse of dissolved-phase trichloroethene. 
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Figure 4. Simulation results using the log-normal PDF model describing the elution curve 
for a large input pulse of dissolved-phase trichloroethene. 
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Figure 5. Simulation results using the combined dissolution and PDF mathematical model 
describing the complete dissolution of immiscible-liquid trichloroethene. 


