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ABSTRACf 

Miscible displacement experiments were performed with solutes of 

different size and structure to examine their mass transfer, sorption, and transport 

in homogeneous and heterogeneous porous media. In homogeneous porous 

media, the contribution of axial diffusion becomes significant at pore-water 

velocities less than 0.1 cm/h, and the use of a tracer-derived dispersivity for 

solutes of different sizes would not be valid in this case. Comparison showed that 

dispersivities measured with a non-sorbing single-solute solution should be 

applicable to multi-component systems. 

Breakthrough curves exhibited both early breakthrough and tailing for 

solute transport in aggregated, stratified, and macroporous media. The extent of 

non-ideality was consistent with the impact of solute size on the relative degree 

of "non-equilibrium" experienced by solutes whose transport is constrained by 

diffusive mass transfer. Flow-interruption experiments with dual tracers of 

different size, performed for various interruption times, provided additional 

evidence regarding the effect of solute size on diffusive mass transfer. 

The relationship between sorbate structure and rate-limited sorption was 

examined using the QSAR (quantitative structure-activity relationship) approach 

for sorption of low-polarity compounds by two soils. The first-order valence 

molecular connectivity eX." accounting for the size and structure of the solutes, 
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was found to be the best topological descriptor. This supports the contention that 

rate-limited sorption in these systems is analogous to the polymer diffusion model. 

Based on this model, the calculated diffusion-length ratios for two soils compare 

favorably to the values determined from the measured rate data. 

The synergistic effects of rate-limited sorption and mass transfer in 

heterogeneous porous media were examined. Independent predictions produced 

with the multiprocess non-equilibrium model (MPNE) provided very good 

descriptions of the experimental data for transport of several organic solutes with 

different solute structures in a saturated aggregated medium. The success of 

describing the mass transfer, rate-limited sorption, and transport of contaminants 

has important implications for understanding contaminant transport in the 

subsurface and for remediation practices of contaminated sites. 
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CHAPTER 1. INTRODUCTION 

Research Problem 

With increasing concern over soil and groundwater contamination, research 

on contaminant transport and fate, contaminant transport modeling, and 

groundwater remediation technology has grown rapidly. Knowledge of the 

various physical, chemical, and biological processes that affect behavior of 

contaminants in soils and aquifers is essential for predicting their fate in the 

environment. More importantly, information is needed regarding the integration 

of physical, chemical, and biological processes for mechanistic understanding of 

contaminant behavior and transport. The effect of solute size on mass transfer, 

sorption, and transport in homogeneous and heterogeneous porous media has not 

received much attention yet. 

Literature Review 

Effect of Solute Size on Transport in Homogeneous Porous Media 

Diffusive and dispersive flux is often an important component of solute 

transport. Dispersion is usually considered the sum of hydrodynamic dispersion 

and axial diffusion. The relative importance of hydrodynamic dispersion and 

axial diffusion in transport through porous media has been discussed by many 

authors (cf., Biggar and Nielsen, 1962; Perkins and Johnston, 1963; Bear, 1969; 
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Fetter, 1993). At low flow velocities, diffusive flux can be a major contributor 

to total solute transport. For these conditions, solute size may be expected to 

influence the relative importance of axial diffusion (Brusseau, 1993a). 

Handy (1959) first employed the double tracer method to evaluate the 

effect of solute size on advective-dispersive transport. He reported no significant 

difference in breakthrough curves for methanol and sucrose under flow velocities 

of 20 and 0.6 cm/h. Klotz and Moser (1974) investigated the dispersive transport 

of several tracers, including chloride, bromide, and uranin, through sand. 

Similarly to Handy's study, no effect of solute size was observed. However, in 

both cases the pore-water velocities were greater than 0.5 cm!h, which generally 

precludes a significant contribution of axial diffusion. Thus, the negligible impact 

of solute size is expected. Nielsen and Biggar (1963) and Corey et al. (1963) 

investigated 3H20 and chloride transport through sand and sandstone at pore-water 

velocities down to 0.122 cm!h. It was found that axial diffusion contributed a 

significant amount to total dispersion during displacement. However, little 

difference was observed between 3H20 and chloride, which is to be expected since 

these two solutes have similar diffusion coefficients. Similar results were reported 

by Gerritse and Singh (1988). We have found no experiments that investigated 

the influence of solute size (e.g., where aqueous diffusion coefficients differed by 

more than a factor of two) on dispersive transport for conditions where axial 
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diffusion was significant (e.g., pore-water velocity < 0.1 cm/h). 

The effect of solute size on dispersive flux is of special concern for the 

sound interpretation of solute transport experiments. Miscible displacement 

experiments are usually performed with one or more nons orbing, nonreactive 

solutes such as 3H20 or chloride to characterize advective-dispersive transport. 

The dispersion-related parameter obtained is thereafter used in the analysis of 

experimental results obtained for all other solutes, irrespective of solute 

characteristics such as size, shape, and chemical reactivity. A major assumption 

inherent to this approach is that dispersive flux will be the same for all solutes. 

For this to be true, hydrodynamic dispersion must be the only mechanism 

contributing to dispersive flux. Since many reactive organic solutes of interest are 

larger than typical tracers (e.g., 3H20, chloride), it is important to know if and 

when solute size has an effect on solute dispersion. 

The first paper (appendix A) was specifically concerned with the effect of 

pore-water velocity and solute size on solute diffusion and dispersion in a 

homogeneous porous medium. Three selected tracers [i.e., 3H20 (tritiated water), 

PFBA (pentafluorobenzoate), and 2,4-D (2,4-dichlorophenoxyacetic acid)] were 

used in miscible displacement experiments to evaluate the impact of differences 

in aqueous diffusion coefficients on diffusion and dispersion over a wide range 

of pore-water velocities. 
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Dispersive-diffusive Transport of Non-sorbed Solute in M ulticomponent Solutions 

The composition of fuels, mixed-solvent wastes, landfill leachate and other 

contaminants that find their way into the subsurface are frequently chemically 

complex. Thus, many contaminated sites have multiple contaminants in the 

aqueous phase. When multiple components are present in solution, a primary 

question to be addressed is the occurrence of antagonistic or synergistic 

interactions within the system (Brusseau, 1994). As such, it is important to 

understand the transport dynamics of multi component solutions. The behavior of 

multi component solutions has been widely investigated in chemical engineering. 

However, the dispersion and diffusion characteristics of multicomponent solutions 

compared to equivalent single-solute solutions have rarely been addressed for soil 

systems. The purpose of the second manuscript (appendix B) was to investigate 

the effect of multicomponent solutions on solute dispersion and diffusion during 

transport in homogeneous porous media by comparing the transport behavior of 

a non-sorbed solute in single- and multi-component solutions. 

Effect of Solute Size on Transport in Structured Porous Media 

The impact of structured media on the transport of dissolved chemicals has 

been studied by many researchers [cf., Passioura, 1971; van Genuchten and 

Wierenga, 1977; Rao et aI., 1980; Nkedi-Kizza et aI., 1983; Sudicky et aI., 1985; 
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Southworth et aI., 1987; Herr et aI., 1989; Brusseau and Rao, 1990; Singh and 

Kanwar, 1991; Czapar et aI., 1992; Koch and Fliihler, 1993; Brusseau, 1993a]. 

These investigations have shown that the presence of macroscopic-scale low

permeability domains (e.g., aggregates, stratified layers, and the matrix of 

macroporous structured soil) can cause non-ideal transport of solutes, as 

exemplified by asymmetrical breakthrough curves and "preferential" transport. 

A major characteristic of many structured media is the existence of 

preferential flow paths wherein advection dominates transport. Rapid transport 

in the "advective" domains is accompanied by diffusive mass transfer of solutes 

between the advection-dominated domains and those that are not. The "non

advective" domains, therefore, behave as sink/source components. Hence, in these 

systems access to portions of the porous medium is constrained by diffusive mass 

transfer. In such systems differences in transport should be observed for solutes 

with different sizes, given the relationship between size (e.g., molecular weight) 

and aqueous diffusion coefficient. This aspect of solute transport has received 

little attention to date. 

The purpose of the third manuscript (appendix C) was to investigate the 

transport of non-reactive solutes with different sizes in saturated, constructed 

structured media (aggregated, stratified, and macroporous media). Data obtained 

from miscible displacement experiments were used to examine the effect of solute 
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size on non-ideal transport. The dual-porosity mobile-immobile model was used 

to attempt to quantify the solute-size effect. 

Evaluating the Influence o/Sorbate Structure on Sorption o/Organic compounds 

by Soil 

Rate-limited sorption of nonionic, low-polarity organic compounds by 

natural sorbents has been a focus of recent study (Karickhoff and Morris, 1985; 

Coats and Elzerman, 1986; Lee et aI., 1988; Brusseau and Rao, 1989; Pignatello, 

1989). Knowledge of the role of sorbate, solvent, and sorbent properties in 

mediating rate-limited sorption is required for a complete understanding of the 

sorption kinetics process. The structure of the sorbate (e.g., nature, size, and 

reactivity of functional groups) appears to have a major influence on the degree 

of rate-limited sorption experienced by a given sorbate (Brusseau et aI., 1991; 

Brusseau and Rao, 1991; Brusseau, 1993b). Hence, the structure of the sorb ate 

should be considered when the rate-limited sorption of organic chemicals is 

evaluated. 

Quantitative structure-activity relationships (QSAR) are a means of 

evaluating the dependence of the behavior of solutes on their molecular properties. 

A considerable effort has been devoted to using QSAR analysis to elucidate the 

fundamental molecular determinants of physical-chemical properties (Mackay et 
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aI., 1993). Sabljic (1987; 1989) and Meylan et al. (1992) demonstrated that 

molecular connectivity, a specific descriptor, can be a useful predictive tool of 

soil sorption coefficients for a wide range of organic chemicals. Despite the fact 

that the QSAR approach has been widely used in many research areas, it has 

seldom been used to analyze rate-limited sorption of organic compounds by soil, 

either for parameter estimation or for mechanism evaluation (Brusseau, 1993b). 

The purpose of the fourth manuscript (appendix D) was to investigate the 

relationship between sorbate structure and rate-limited sorption by using the 

QSAR approach. This was accomplished by examining the rate-limited sorption 

of compounds, representing six classes of major organic contaminants, by two 

sorbents differing in organic-mater contents. Both eqUilibrium and rate-limited 

sorption parameters were correlated with topological descriptors to gain more 

information about the attendant sorption processes. 

Transport of Rate-limited Sorbing Solutes in Heterogeneous Porous Medium 

It is possible, under many situations, that more than one factor may 

contribute to nonideal transport of sorbing solutes. Physical non-equilibrium 

(PNE) and sorption non-equilibrium (SNE) have been grouped as the major 

contributions to nonideal transport of solutes at the macroscopic scale (cf., 

Brusseau and Rao, 1990). The impact of structured media on the non-ideal 
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transport of solutes has been studied by many researchers. Non-ideal transport -

of non-ionic, low-polarity organic compounds caused by rate-limited sorption has 

become a focus of recent study. There are also some reports of non-ideal 

transport of solutes caused by both physical non-equilibrium and sorption non

equilibrium (van Genuchten et aI., 1977; Brusseau et aI., 1989; Zurmuhl et aI., 

1991; O'Dell et aI., 1992; Veeh et aI., 1994; Gaber et aI., 1995). However, there 

are few reports wherein analysis of non-ideal solute transport has been analyzed 

by accounting for multiprocess non-equilibrium (Brusseau, 1991; Brusseau, 1992; 

Brusseau and Zachara, 1993). 

One of the first models to incorporate multiple sources of nonideality was 

presented by Brusseau et aI. (1989). This multi-process non-equilibrium (MPNE) 

model was intended for analyzing cases where transport was constrained by 

various combinations of non-equilibrium processes. The purpose of the fifth 

manuscript (appendix E) was to investigate the transport of rate-limited sorbing 

solutes in saturated aggregated media. Data obtained from miscible displacement 

experiments was used to examine the capability of the MPNE model to predict 

the transport of solutes constrained by sorption kinetics and rate-limited mass 

transfer. The input parameters were obtained separately, allowing the model to 

be used in a predictive mode. 
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Explanation of Dissertation Format 

This dissertation consists of four manuscripts that were submitted to peer

reviewed journals; one has been published (appendix A) and the others have been 

accepted for publication (appendices B-D). A fifth manuscript (appendix E) is 

ready to be submitted for peer review. I was responsible for planning and 

'performing the majority of the experiments in each Appendix. 

My major advisor, Dr. Mark L. Brusseau, helped me to decide on the area 

of research presented in this dissertation. He has provided much help and insight 

in interpreting the results from the experimental work which I conducted and 

analyzed. He has also offered numerous detailed editorial comments after I 

prepared each manuscript draft. 

Specifically, it should be clarified that appendix C includes some 

experimental work from Dr. Brusseau, for completeness of the subject, about 

solute size effect in the stratified medium (as stated in the paper). I conducted 

the experimental work on the solute size effect in the aggregated and macroporous 

media. Xiaojiang Wang, another Ph.D candidate in the research group, assisted 

in part of the experimental work in the paper listed as appendix D. I, myself, did 

most of the experimental work, data analysis, and manuscript preparation. 
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CHAPTER 2. P~ENTSTUDY 

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

manuscripts appended to this dissertation. Most of the results have been derived 

from the miscible displacement method, and a diagram of the miscible 

displacement apparatus with which my experiments were conducted is shown in 

Fig. 1. The following is a summary of the most important findings in the 

dissertation, which are contributing to the present understanding of contaminant 

transport in porous media. 

Summary 

Hydrodynamic dispersion is the predominant source of dispersion for larger 

pore-water velocities (> 1 cm/h), and the contribution of axial diffusion becomes 

significant at pore-water velocities less than 0.1 cm/h. At a given velocity below 

this value, the contribution of axial diffusion is larger for 3H20, with its larger 

aqueous diffusion coefficient, than it is for PFBA and 2,4-D. The apparent 

dispersivities are, therefore, a function of solute size. The use of a tracer-derived 

dispersivity for solutes of different sizes would not be valid in this case. 

Comparison of breakthrough curves collected for 14C-Iabelled 2,4-D in 

single- and multi-component solutions shows that there is little, if any, difference 

in transport behavior over a wide range of pore-water velocities (70, 7, 0.66, and 



Tracer Solution Reservior Strip Chart Recorder 

J----fl I I Detector Fraction Collector 

Soil Column 

Three-way Valve Pump 

o 
. C, Waste 

Electrolyte Solution Reservior 

(UV, FL) 

~~ ~ 
Radioassay 

Spectrophotometer 

GC,HPLC 

Figure 1. Diagram of the miscible-displacement apparatus ~ 



30 

0.06 cm hr-l). Thus, dispersivities measured with a non-sorbing single-solute 

solution should be applicable to multicomponent systems. 

It is shown that extent of nonideality for solute transport in the structured 

(i.e., aggregated, stratified, and macroporous) media is consistent with the impact 

of solute size on diffusive mass transfer. Flow interruption experiments with dual 

tracers eH20 and PFBA), performed for various interruption times, provided 

additional evidence regarding the effect of solute size on transport coupled with 

diffusive mass transfer, which to my knowledge has not been previously 

published. 

The effect of sorbate size and structure on rate-limited sorption of organic 

compounds, representing six classes of nonpolar, nonionizable organic chemicals, 

by two soils with different amounts of organic matter was investigated by the 

QSAR approach. The first-order valence molecular connectivity eX) was found 

to be the best topological descriptor for both equilibrium and non-equilibrium 

parameters. Most of the rate-limited sorption behavior could be explained by 

accounting for the size and structure of the solute molecule, which supports the 

contention that rate-limited sorption in these systems is analogous to the polymer 

diffusion model. Based on this model, the calculated diffusion-length ratios for 

two soils, which have a large difference in organic matter contents, compare 

favorably to the values determined from the measured rate data. To my 
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knowledge, such a comparison is a noval approach for examining rate-limited 

sorption. 

Transport of several sorbing solutes in a saturated aggregated porous 

medium, constrained by both sorption kinetics and rate-limited mass transfer, was 

examined by using a multiprocess non-equilibrium (MPNE) model. The input 

parameters were obtained independently and/or separately, allowing the model to 

be used in a predictive mode.. The independent predictions produced with the 

MPNE model provided very good descriptions of the experimental data. The 

synergistic effects of rate-limited sorption kinetics and diffusive mass transfer, 

which are competing for controlling solute transport, were specifically elucidated. 

This work points out the necessity of elucidating the controlling processes and 

deriving process-discrete parameters for systems having multiple nonideality 

factors. 

Concluding Remarks of the Dissertation 

This research makes several contribution to the understanding of processes· 

controlling the transport of contaminants in porous media. These new findings 

have applications to remediation of contaminated sites, where heterogeneity is 

ubiquitous at the field scale. A few examples are pointed out for illustration. 
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Remediation plans are sometimes based on information obtained from 

pilot-scale tests. Often, small-sized tracers (e.g., BTl or Crl) are used in the pilot

scale tracer tests. However, removal of larger-sized contaminants will take longer 

than the estimates based on the small-sized tracer when removal is constrained by 

rate-limited diffusive mass transfer of solutes from low permeable zones to high 

permeable zones. For sites having multiple contaminants with different solute 

sizes, smaller-sized contaminants might be flushed out before the larger-sized 

contaminants. Accordingly, after normalizing for retardation effects, optimal 

interruption times for "pulsed pumping" may differ for different-sized 

contaminants. The phenomena of solute size effect on transport in heterogeneous 

media has been mechanistically examined in the dissertation. 

Recent research has suggested that in many soils, a significant portion of 

the soil solution retained in small pores is inaccessible to most bacteria. Diffusion 

of contaminants into and out of these pores may be an important factor in 

controlling the rate of mineralization of the contaminants. This diffusive mass 

transfer process and, hence, the effect of solute size could have important 

implications for the success of bioremediation practices. 

For sorbing contaminants, rate-limited desorption can increase the flushing 

volume required for removal. Furthermore, based on the findings in the 

dissertation about the relationship between solute size/structure and desorption 
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constants in the systems wherein intraorganic matter diffusion is the rate-limiting 

process, contaminants with dissimilar size and structure may be removed at 

different rates. 

The experimental work in the dissertation concerning multiple, 

simultaneously occurring processes influencing contaminant transport is especially 

critical for transferring our understanding from laboratory- to field-scale 

systems. 
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Abstract 

The purpose of this work was to investigate the effect of solute size on 

diffusive-dispersive transport in porous media. Miscible displacement experiments 

were performed with tracers of different size (i.e., tritiated water, 3H20, 

pentafluorobenzoate, PFBA, and 2,4-dichlorophenoxyacetic acid, 2,4-D) and a 

nonreactive sand for pore-water velocities varying by four orders of magnitude 

(70, 7, 0.66, and 0.06 cm!h). Hydrodynamic dispersion is the predominant source 

of dispersion for larger pore-water velocities (>1 cm!h) , and dispersivity is, 

therefore, essentially independent of solute size. In this case, the practice of using 

a small-sized tracer, such as 3H20, to characterize the dispersive properties of a 

soil is valid. The contribution of axial diffusion becomes significant at pore-water 

velocities less than 0.1 cm/h. At a given velocity below this value, the 

contribution of axial diffusion is larger for 3H20, with its larger coefficient of 

molecular diffusion, than it is for PFBA and 2,4-D. The apparent dispersivities 

are, therefore, a function of solute size. The use of a tracer-derived dispersivity 

for solutes of different sizes would not be valid in this case. For systems where 

diffusion is important, compounds such as PFBA are the preferred tracers for 

representing advective-dispersive transport of many organic contaminants of 

interest. 
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Introduction 

An understanding of the way that solutes move in porous media is essential 

to the development of sound strategies for managing contaminants in the 

environment. Diffusive and dispersive flux is often an important component of 

solute transport. Dispersion is usually considered the sum of hydrodynamic 

dispersion (mechanical mixing) and axial diffusion (movement in response to a 

longitudinal concentration gradient). The relative importance of hydrodynamic 

dispersion and axial diffusion in transport through porous media has been 

discussed by many authors (cf., Biggar and Nielsen, 1962; Perkins and Johnston, 

1963; Bear, 1969; Fetter, 1993). At low flow velocities, diffusive flux can be a 

major contributor to total solute transport. For these conditions, solute size (Le., 

magnitude of the diffusion coefficient) may be expected to influence the relative 

importance of axial diffusion (Brusseau, 1993). 

Handy (1959) first employed the double tracer method to evaluate the 

effect of solute size on advective-dispersive transport. He reported no significant 

difference in breakthrough curves for methanol and sucrose under flow velocities 

of 20 and 0.6 cm/h. Klotz and Moser (1974) investigated the dispersive transport 

of several tracers, including chloride, bromide, and uranin, through sand. 

Similarly to Handy's study, no effect of solute size was observed. However, in 

both cases the pore-water velocities were greater than 0.5 cm/h, which generally 
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precludes a significant contribution of axial diffusion. Thus, the negligible impact 

of solute size is expected. Nielsen and Biggar (1963) and Corey et al. (1963) 

investigated 3H20 and chloride transport through sand and sandstone at pore-water 

velocities down to 0.122 cm/h. It was found that axial diffusion contributed a 

significant amount to total dispersion during displacement. However, little 

difference was observed between 3H20 and chloride, which is to be expected since 

these two solutes have similar diffusion coefficients. Similar results were reported 

by Gerritse and Singh (1988). We have found no experiments that investigated 

the influence of solute size (e.g., where aqueous diffusion coefficients differed by 

more than a factor of two) on dispersive transport for conditions where axial 

diffusion was significant (e.g., pore-water velocity < 0.1 cm/h). 

The effect of solute size on dispersive flux is of special concern for the 

sound interpretation of solute transport experiments. Miscible displacement 

experiments are usually performed with one or more nonsorbing, nonreactive 

solutes such as 3H20 or chloride to characterize advective-dispersive transport. 

The dispersion-related parameter obtained with these tracers is thereafter used in 

the analysis of experimental results obtained for all other solutes, irrespective of 

solute characteristics such as size, shape, and chemical reactivity. A major 

assumption inherent to this approach is that dispersive flux will be the same for 

all solutes. For this to be true, hydrodynamic dispersion must be the only 
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mechanism contributing to dispersive flux. Since many reactive organic solutes 

of interest are larger than typical tracers (e.g., 3H20, chloride), it is important to 

know if and when solute size has an effect on solute dispersion. 

Clay liners and barriers are examples of systems for which diffusion may 

be important. Clay liners (such as soil-bentonite barriers) are frequently employed 

at waste disposal sites as a means of minimizing the potential for groundwater 

contamination. Design guidelines for clay liners commonly specify that they 

should have a hydraulic conductivity less than 10-7 cm/s so that the rate of 

advective transport will be small. However, even when advection is minimal, 

contaminants can migrate at significant rates through clay barriers by diffusion 

(Johnson and Cherry, 1989; Mott and Weber, 1991). The transport of 

radionuclides through repository host rock is another case where molecular 

diffusion may be important. Vadose-zone systems are another example of a case 

where flow rates are typically small enough such that axial diffusion can be 

important. 

This paper is specifically concerned with the effect of pore-water velocity 

and solute size on solute diffusion and dispersion in a homogeneous porous 

medium. Three selected tracers, 3H20, PFBA, and 2,4-D, are used in miscible

displacement experiments to evaluate the impact of differences in aqueous 
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diffusion coefficients on diffusion and dispersion over a wide range of pore-water 

velocities. 

Materials and Methods 

Materials 

Owing to their small specific surface, pure silica-glass beads (212-300 ~m 

in diameter) were selected and used for all experiments to minimize fluid-solid 

interactions. Glass beads were soaked in 6N HCI for one day and then washed 

with deionized water from NANOpure ultrapure water system until acid free. 

3H20 and 14C-labelled 2,4-D were purchased from DuPont and Sigma Chemical 

Co., respectively. PFBA and 2,4-D (analytical grade) were purchased from 

Aldrich Chemical Co., Inc. 

Preparative chromatography columns made of precision-bore borosilicate 

glass (2.5 cm Ld., 5.0 cm in length, Kontes) or precision-bore stainless steel (2.1 

cm i.d., and 7.0 cm in length, Alltech Associates Inc.) were used in the 

experiments. The columns are designed to have a minimum void volume in the 

endplates. The measured dead volumes were used to determine the corrected pore 

volumes of the columns, i.e. the volume of water associated with the porous 

media. 
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Experimental Procedures 

The columns were packed in incremental steps with the dry glass beads to 

establish uniform bulk density. After packing, the columns were slowly wetted 

from the bottom with electrolyte solution (0.01 N CaCI2). After saturation was 

achieved, about 100 pore volumes of solution were pumped through the columns 

to condition them to the electrolyte solution. Bulk densities for the glass and 

stainless-steel columns were 1.62 and 1.67 gcm-3, respectively; the volumetric 

water contents were 0.38-0.39 cm3cm-3. 

The apparatus and methods employed for the miscible displacement studies 

were similar to those used by Brusseau et a1. (1990). One single piston HPLC 

pump (Gilson Medical Electronics, Model 305) was connected to the column, 

with a three-way switching valve placed in-line to facilitate switching between 

solutions with and without the solute of interest. The system was designed so that 

the solute contacted only stainless steel, glass, or Teflon. While Teflon tubing 

was found to sorb some organic solutes, no interaction was observed for PFBA 

and 2,4-D. The dual-tracer approach was used to facilitate direct comparison of 

results for PFBA and 3H20. A flow-through, variable-wavelength UV detector 

(Gilson, Model 115) was used to continuously monitor concentrations of PFBA 

or 2,4-D in the column effluent. Output was recorded on a strip-chart recorder 

(Fisher, Recordall Series 5000). A wavelength of 235 nm was used for PFBA 
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and 2,4-D analysis. After passing through the UV detector, column effluent 

fractions were collected with an automated fraction collector (ISCO, In., Foxy 

200). The activities for 3H20 or 14C-labeled 2,4-D in the effluent samples were 

analyzed by radioassay using liquid scintillation counting (Packard, Tri-Carb 

Liquid Scintillation Analyzer, Model 1600TR). 

Specific activity of tritium and 14C-labelled 2,4-D in the displacing solution 

was 5 nCi/ml and 2.5 nCi/ml, respectively. Four flow rates, namely 1.5, 0.15, 

0.015 and 0.0015 ml/min, were used for the experiments. They correspond to 

pore-water velocities of 70, 7, 0.66 and 0.06 cm/h for the stainless steel column 

for which breakthrough curves are reported. Almost all of the experiments were 

replicated in two columns. 

Data Analysis 

The equation used to describe one-dimensional advective-dispersive 

transport of solute in a homogeneous porous medium under conditions of steady-

state water flow is (Freeze and Cherry, 1979) 

ac fPc ac R--D--v-at (k2 (k 
(1) 
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where C is concentration of solute in solution (ML-3
), x is distance, v is average 

pore-water velocity (v = q/ST' where q is Darcy flux and ST is volumetric water 

content) (LTl), t is time (T), R (l+p/ST~) is the retardation factor, ~ is the 

equilibrium sorption constant (L3M-1
) and 0 is the longitudinal dispersion 

coefficient (L 1'-1). The results of the miscible displacement experiments were 

analyzed by using a nonlinear, least-squares optimization program (van 

Genuchten, 1981) to solve the nondimensional advective-dispersive local 

equilibrium transport model, giving values for Peelet number (P=vL/D) and 

retardation factor with 95% confidence intervals. 

The dispersion coefficient is usually defined as 

D 
D----.! +u v n 

T L 
(2) 

where Do is the diffusion coefficient of the solute in water (L 1'-1), T is the 

tortuosity factor (greater than 1), n typically varies from 1.0 to 1.3, and a L is the 

longitudinal dispersivity (L), which is considered a characteristic of the porous 

medium. The aLvn term is the contribution of hydrodynamic dispersion and Dc/f 

is the contribution of axial diffusion. At higher pore-water velocities where 
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diffusion effects are negligible, equation (2) reduces to 

(3) 

This form of the dispersion coefficient is often used even when axial diffusion or 

other diffusion-controlled mechanisms are significant. In these cases, the 

dispersivity becomes a lumped term that will be a function of pore-water velocity, 

solute size, and other factors (cf., Passioura, 1971; Brusseau, 1993). 

Results and Discussion 

Effect of Pore Water Velocity 

The analysis for the dual-tracer experiments involved two detection 

methods coupled in series. Therefore, the performance of the flow-through and 

effluent fraction detection methods was evaluated for equivalency. Breakthrough 

curves for 2,4-D collected with the two methods at a pore-water velocity of 7.05 

cm/h are shown in Figure 1 for illustration. There is virtually no difference 

between the two breakthrough curves, from which it is concluded that the two 

detection methods yield comparable results. 

The breakthrough curves for 3H20, PFBA and 2,4-D for all pore-water 

velocities are shown in Figure 2. The retardation factors for 3H20, PFBA, and 

2,4-D at the 70, 7, and 0.66 cm/h pore-water velocities are 1.0 (within 95% 
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confidence limits). However, the retardation factors obtained at the 0.06 cmlh 

velocity are between 0.92-0.94. In this case, relative pore volume (pore 

volume/retardation factor) is used for the abscissa to facilitate comparison of all 

breakthrough curves. The breakthrough curves for all solutes are indistinguishable 

at the two higher velocities. For PFBA and 2,4-D, the breakthrough curves are 

indistinguishable at the 0.66 cmlh velocity as well. At the 0.06 cmlh velocity, 

significantly greater dispersion is observed for 3H20, PFBA, and 2,4-D, consistent 

with a contribution from axial diffusion. 

A regression between the dispersion coefficient and pore-water velocity v 

was performed with the v > 1 cmlh data to determine the value of n in eq. 3. 

The results showed a very good correlation (r=0.98), with n equal to 1.0. Note 

that D is calculated from vL/P, where L is the column length and P is the Peelet 

number, values for which were optimized with the advective-dispersive transport 

model. A dispersivity (aJ value of 0.06 cm was determined from the regression. 

Such small values are indicative of well-packed, homogeneous columns of sandy 

materials. 

Contribution of Axial Diffusion 

Data collected for 3H20, PFBA, and 2,4-D from two columns over a wide 

range of velocities are shown in Table 1. Based on these data, the relationship 
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between 0 and pore-water velocity is presented in Figure 3a. For pore-water 

velocities lower than 1 cm/h, the curve for 3H20 diverges from that for PFBA and 

2,4-0. This separation reflects the impact of diffusion on dispersive flux. The 

positions of the curves are determined by the aqueous diffusion coefficient and 

are consistent with the value for 3H20 being larger than that for PFBA and 2,4-0. 

At pore-water velocities larger than 1 cm/h, the two sets of data converge, 

signifying dispersion coefficients for 3H20, PFBA and 2,4-0 are the same. This 

occurs when hydrodynamic dispersion predominates dispersive flux. 

It is possible to quantify the relative contribution of hydrodynamic 

dispersion and axial diffusion to solute transport. Perkins and Johnson (1963) 

used a plot of the ratio of DIDo versus the particle Peclet number (P p) to delineate 

diffusion-controlled, transition, and advection-controlled regions. The relative 

contribution of axial diffusion to dispersion is a function of P p (i.e., vdlDo), where 

d is the particle diameter of the medium. A Do value of 0.094 cm2/h was used 

for 3H20 and 0.026 cm2/h for PFBA (Brusseau, 1993). A Do value of 0.029 cm2/h 

was estimated for 2,4-0 with the equation of Hayduk and Laudie (1974). 

The relationship between DIDo and vdlDo for 3H20, PFBA, and 2,4-0 is 

presented in Figure 3b. Ail data fall roughly within one line since different 

aqueous diffusion coefficients are accounted for in the normalized terms (0/00 

and vdlDo). At very low velocities (vdlDo < 0.01 in Figure 3b), the ratio of 0/00 
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is nearly constant, and axial diffusion is the predominant source of dispersion. 

In this region, DIDo is approximately 0.6, which corresponds to a tortuosity factor 

of 1.67. This value is typical of those reported for sandy materials. With reliable 

measurement of the tortuosity factor, the contribution of axial diffusion can be 

calculated and evaluated from equation (2) for a specific organic contaminant at 

a specific pore-water velocity. 

Influence of Solute Size 

Breakthrough curves for transport of 3H20, PFBA, and 2,4-0 at all four 

velocities are compared in Figures 4 and 5. The breakthrough curves are identical 

for all solutes at the two faster velocities. Such data indicate that transport is 

occurring under ideal hydrodynamic conditions, i.e., that hydrodynamic dispersion 

is the sole significant source of dispersion. Equation (3) becomes applicable in 

this case and 0 is not a function of Do. Thus, for a given system, the same 

values of a L, D, and P should apply to all solutes, irrespective of size. The use 

of 0 or P values determined with 3H20, chloride, bromide or similar tracers for 

larger molecules is appropriate under these conditions. 

The breakthrough curves for 3H20 diverge from those of PFBA and 2,4-0 

at the two slower velocities. In this situation, it is inappropriate to represent the 

dispersion of larger solutes with the D or P value obtained from the analysis of 
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the transport of a small-sized tracer like 3H20, chloride, or bromide. However, 

the PFBA and 2,4-D breakthrough curves are similar for all velocities. This 

reflects the fact that PFBA is similar in molecular structure and size to 2,4-D. In 

this case, a D value measured with PFBA or similar tracer is a better value to use 

for reactive organic chemicals. 

Summary and Conclusions 

Pore-water velocity has an effect on the breakthrough curves for transport 

of 3H20, PFBA, and 2,4-D in a homogeneous sand. For pore-water velocities 

larger than approximately 1 cm/h, hydrodynamic dispersion predominates and the 

contribution of axial diffusion is negligible. In this case, the practice of using a 

nonreactive tracer such as 3H20 to characterize the dispersive properties of a soil 

column is valid and it is appropriate to use a tracer-derived dispersivity to 

represent the dispersivity of other, dissimilar sized solutes. 

For pore-water velocities less than 0.1 cm/h, axial diffusion contributes 

significantly to total dispersive flux. In this case, it is inappropriate to use a 

tracer-derived dispersivity for solutes of different sizes. The dispersion-related 

value obtained with a tracer such as PFBA will be a better representation than 

3H20, since PFBA has a structure similar to many environmentally important 

organic compounds. 
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Table 1. Measured Peclet numbers for transport of 3H20, PFBA, and 2,4-D 

----------------------------------------------------------------------------------------------------
Column • tracer v (cmlhr) p" 

----------------------------------------------------------------------------------------------------

wql 3H 0 
2 46.9 122.1 (114-130) 

wql 3H
2
O 46.8 122.8 (116-130) 

wql 3H 0 
2 4.91 96.8 (88.5-105) 

wql 3H2O 0.42 41.0 (38.4-43.5) 

wql 3H2O 0.42 32.2 (29.7-34.7) 

wql 3HO 2 0.42 19.9 (18.4-21.3) 

wql PFBA 46.9 125.7 (116-135) 

wql PFBA 46.8 119.8 (117-123) 

wql PFBA 4.91 119.7 (109-130) 

wql PFBA 0.42 95.9 (92.1-99.7) 

wql PFBA 0.42 73.2 (67.2-79.1) 

wq3 3H2O 70.0 125.8 (104-147) 

wq3 3H
2
O 6.94 94.8 (84.0-106) 

wq3 3H
2
O 0.66 48.2 (44.0-52.4) 

wq3 3H2O 0.06 8.76 (8.33-9.19) 

wq3 3HO 
2 0.05 12.5 (11.3-13.8) 
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Table 1. Measured Peelet numbers for transport of 3H20, PFBA, and 2,4-0 (cont.) 

-------------------------------------------------------------------.--------------------------------
Column • tracer v (cm/hr) p# 

----------------------------------------------------------------------------------------------------
wq3 PFBA 70.0 

wq3 PFBA 6.94 

wq3 PFBA 0.66 

wq3 PFBA 0.06 

wq3 PFBA 0.05 

wq3 24-0@ , 71.2 

wq3 2,4-0 71.2 

wq3 2,4-0 68.2 

wq3 2,4-0 7.05 

wq3 2,4-0 6.99 

wq3 2,4-0 0.67 

wq3 2,4-0 0.65 

wq3 2,4-0 0.06 

·wq1: glass column. wq3: stainless steel column. 

#95% confidence limits in parentheses. 

105.8 (93.7-118) 

103.8 (90.5-117) 

88.0 (82.0-94.0) 

21.1 (20.7-21.6) 

31.1 (30.4-31.8) 

88.8 (79.2-98.4) 

82.2 (75.8-88.7) 

85.6 (75.6-95.6) 

117.0 (106-128) 

111.3 (102-121) 

113.8 (106-121) 

98.7 (92.2-105) 

25.2 (24.1-26.3) 

@ all 2,4-0 data represent the average value from two detection methods. 
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Abstract 

The composition of fuels, mixed-solvent wastes, and other contaminants 

that find their way into the subsurface are frequently chemically complex. The 

. dispersion and diffusion characteristics of multicomponent solutions in soil have 

rarely been compared to equivalent single-solute systems. The purpose of this 

work was to examine the diffusive and dispersive transport of single- and multi

component solutions in homogeneous porous media. The miscible displacement 

technique was used to investigate the transport behavior of 14C-labelled 2,4-

dichlorophenoxyacetic acid (2,4-0) in two materials for which sorption of 2,4-0 

was minimal. Comparison of breakthrough curves collected for 2,4-0 in single

and multi-component solutions shows that there is little, if any, difference in 

transport behavior over a wide range of pore-water velocities (70, 7, 0.66, and 

0.06 cm ht l
). Thus, dispersivities measured with a non-sorbing single-solute 

solution should be applicable to multi component systems. 
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Introduction 

The composition of fuels, mixed-solvent wastes, landfill leachate and other 

contaminants that find their way into the subsurface are frequently chemically 

complex. Thus, many contaminated sites have multiple contaminants in the 

aqueous phase. When multiple components are present in solution, a primary 

question to be addressed is the occurrence of antagonistic or synergistic 

interactions within the system (Brusseau, 1994). As such, it is important to 

understand the transport dynamics of muIticomponent solutions. The behavior of 

multi component solutions has been widely investigated in chemical engineering. 

However, the dispersion and diffusion characteristics of multicomponent solutions 

compared to equivalent single-solute solutions have rarely been addressed for soil 

systems. The purpose of this work is to investigate the effect of multicomponent 

solutions on solute dispersion and diffusion during transport in homogeneous 

porous media by comparing the transport behavior of a non-sorbed solute in 

single- and multi-component solutions. 

Materials and Methods 

Pure silica-glass beads (212-300 !lm in diameter, Sigma Chemical Co.) or 

Borden subsoil were used for all experiments. The glass beads were soaked in 

6 N HCI for one day and then washed with deionized water until acid free. The 
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Borden subsoil material was collected from the Canadian Air Forces Base in 

Borden, Ontario. The organic carbon content of the Borden subsoil is 0.29%, and 

the sand fraction comprises over 98% of the total mass (silt 1% and clay <1%). 

The Borden subsoil was air dried and sieved «2 mm) prior to use. 

The 14C-labelled dichlorophenoxyacetic acid (2,4-D) was purchased from 

Sigma Chemical Co. The following analytical-grade chemicals (Aldrich Chemical 

Co.) were used in the experiments: pentafluorobenzoic acid (PFBA), 2,4-D, 

benzene, naphthalene, 1,3,5-triazine, and atrazine. 

A precision-bore stainless steel column (2.1 cm i.d., and 7.0 cm in length, 

AlItech Associated Inc.) was used in the experiments. The column is designed 

to have a minimum void volume in the endplates. Column packing and the 

apparatus and methods used for the miscible displacement studies were similar to 

those used by Hu and Brusseau (1994). 

The muIticomponent mixture used for the glass beads column contained 

85 mg L·t t4C-labelled 2,4-D, 100 mg L-t PFBA, 200 mg C t benzene, 12 mg L- l 

naphthalene, and 10 mg L-1 1,3,5-triazine. The multicomponent mixture for the 

Borden subsoil column contained 100 mg C 1 14C-labelled 2,4-D, 100 mg Lo1 

PFBA, 30 mg L-1 atrazine, and 10 mg Lo1 1,3,5-triazine. CaCI2 (0.01 N) was used 

as a background electrolyte for all solutions introduced to the columns. The 

density of the single- and multi-component solutions are not significantly 
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different; hence, buoyancy effects should be minimal (Biggar and Nielsen, 1964; 

Krupp and Elrick, 1969; Paschke and Hoopes, 1984; Oostrom et aI., 1992). 

Separate experiments showed little sorption of 2,4-D by the glass beads and 

Borden subsoil. 

The use of a 14C-labelled compound made it possible to characterize the 

transport of 2,4-D in a multicomponent solution. Specific activity of 14C-labelled 

2,4-D in the displacing solution was 2.5 nCi/ml for both single- and multiple

component solutions. Effluent fractions containing 14C-labeled 2,4-D were 

collected with an automated fraction collector (ISCO, Inc., Foxy 200) and the 

activities were analyzed by radioassay using liquid scintillation counting (Packard, 

Tri-Carb Liquid Scintillation Analyzer, Model 1600TR). Four flow rates, namely 

1.5, 0.15, 0.015 and 0.0015 ml/min, were used for the glass beads column. They 

correspond to pore-water velocities of 70, 7, 0.66 and 0.06 cm hr-l. Two flow 

rates (0.15 and 0.0015 ml/min) were used for the Borden subsoil column. 

The results of the miscible displacement experiments were analyzed by 

using a nonlinear, least-squares optimization program (van Genuchten, 1981) to 

solve the nondimensional advective-dispersive local equilibrium transport model. 

Optimized values are obtained for the PecIet number (P=vLID, where v is the 

pore-water velocity, L is the column length, and D the longitudinal dispersion 

coefficient) and retardation factor with 95% confidence intervals. 
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Results and Discussion 

The optimized retardation factors for 2,4-D are 1.0 (within 95% confidence 

limits) for the glass beads (v = 70, 7, and 0.66 cm hrl) and Borden subsoil (v = 

7 cm hr-l) systems. However, the optimized retardation factors for the 0.06 cm 

hrl velocity are approximately 0.94 for both the glass beads and Borden systems. 

Since there is no chemical interaction between 2,4-D and the porous media used, 

this reduced retardation factor reflects a reduction in the effective pore volume. 

This indicates that the solution does not displace the entire volume of water 

retained by the porous medium at this small velocity. Similar data have been 

reported by Nielsen and Biggar (1961). In this case, relative pore volume (pore 

volume/retardation factor) is used for the abscissa to facilitate comparison of 

breakthrough curves. 

The breakthrough curves for 14C-labelled 2,4-D in the multicomponent 

solutions for four pore-water velocities are shown in Figure 1. The breakthrough 

curves are essentially indistinguishable at the three higher velocities. At the 0.06 

cm hr-l velocity, additional spreading is observed. The same phenomena was 

reported for 3H20, PFBA, and 2,4-D in comparable single-solute transport 

experiments (Hu and Brusseau, 1994). At the slowest velocity (0.06 cm h· I
), axial 

diffusion contributes significantly to total dispersive flux. 
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The relationship between DIDo and the partiele Peelet Number (P p = vdlDo, 

where Do is aqueous diffusivity and d is partiele diameter) has been widely used 

to examine the relative contributions of axial diffusion and hydrodynamic 

dispersion. Such an analysis for single-solute transport of 3H20, PFBA, and 2,4-D 

in the glass beads is reproduced as Figure 2 from Hu and Brusseau (1994). At 

very low velocities (v dIDo < 0.01 in Figure 2), the ratio of DIDo is nearly 

constant, and axial diffusion is the predominant source of dispersion. The value 

for P p for the v = 0.06 cm hr"l experiments is 0.052, which falls within the region 

wherein axial diffusion is significant. 

Selected breakthrough curves for single- and multi-component 2,4-D at 

different pore-water velocities in glass beads and Borden subsoil columns are 

presented in Figures 3 and 4. It is evident that the breakthrough curves of 2,4-D 

in single- and multi-component solutions are essentially indistinguishable for all 

pore-water velocities for both porous media. Accordingly, values for the Peelet 

number are similar (see Table 1 and Table 2). Peelet numbers are comparable for 

corresponding pore-water velocities between the glass beads and Borden subsoil 

columns, which is reasonable considering that both are sandy materials. Based 

on these results, dispersivities measured with a non-sorbing single-solute solution 

should be applicable to multicomponent systems. This result should be tested for 

structured and heterogeneous media. 
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Table 1. Peclet numbers for single- and multi-component 
2,4-D transport in glass beads . 

component p. 

single 71.2 79.3 (73.8-84.8) 

single 71.2 82.2 (75.8-88.7) 

single 68.2 74.5 (68.7-80.2) 

multi 69.0 84.0 (77.1-91.0) 

multi 67.6 82.2 (75.9-88.6) 

single 7.05 115.1 (107-124) 

single 6.99 106.2 (98.5-114) 

multi 6.99 104.3 (95.6-113) 

multi 6.94 100.7 (91.5-110) 

single 0.67 111.0 (104-118) 

single 0.65 98. 7 (92.2-105) 

multi 0.67 102.2 (94.9-110) 

multi 0.65 105.1 (96.1-114) 

single 0.061 24.8 (23.5-26.1) 

multi 0.062 30.0 (27.6-32.4) 

·95% confidence limits in parentheses. 
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Table 2. Pec1et numbers for single- and multi-component 
2,4-D transport in Borden subsoil 

component p. 

single 7.57 96.6 (86.5-107) 

multi 7.49 115.8 (104-127) 

single 0.057 25.3 (23.5-27.2) 

multi 0.060 26.0 (23.7-28.2) 

multi 0.062 30.8 (28.3-33.4) 

*95% confidence limits in parentheses. 
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Abstract 

The purpose of this work was to investigate the effect of solute size on 

transport in structured porous media. Miscible displacement experiments were 

performed with tracers of different sizes [i.e., tritiated water eH20), 

pentafluorobenzoate (PFBA), 2,4-dichlorophenoxyacetic acid (2,4-D), and 

hydroxypropyl-(3-cyclodextrin (HPCD)] in aggregated, stratified, and 

macroporous media. The breakthrough curves exhibited both early breakthrough 

and tailing, indicative of non-ideal transport in these structured media. 

Comparison of breakthrough curves revealed that the extent of non-ideality (e.g., 

tailing) was: HPCD> PFBA, 2,4-D > 3H20. This behavior is consistent with the 

impact of solute size on the relative degree of "non-equilibrium" experienced by 

solutes whose transport is constrained by diffusive mass transfer. The capability 

of the first-order, dual-porosity mobile-immobile model to represent solute 

transport in these structured systems was evaluated by comparing independently 

determined values of the input parameters to values obtained by curve fitting of 

the experimental measurements. The calculated and optimized values compared 

quite well for the aggregated and stratified media, but not for the macroporous 

media. Experiments performed with tracers of different size are useful for 

characterizing the nature of the porous medium through which transport is 

occurring. 
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Introduction 

The transport of solute in structured and heterogeneous porous media is a 

problem that has great import for issues such as the probability of groundwater 

becoming contaminated and remediation of contaminated sites. The impact of 

structured media on the transport of dissolved chemicals has been studied by 

many researchers [cf., Biggar and Nielsen, 1962; Passioura, 1971; van Genuchten 

and Wierenga, 1977; Rao et aI., 1980b; Nkedi-Kizza et aI., 1983; Sudicky et aI., 

1985; Southworth et aI., 1987; Herr et aI., 1989; Brusseau and Rao, 1990; Singh 

and Kanwar, 1991; Czapar et aI., 1992; Koch and FlUhler, 1993; Brusseau, 1993; 

Brusseau et aI., 1994]. These investigations have shown that the presence of 

macroscopic-scale low-permeability domains (e.g., aggregates, stratified layers, 

and the matrix of macroporous structured soil) can cause non-ideal transport of 

solutes, as exemplified by asymmetrical breakthrough curves and "preferential" 

transport. 

A major characteristic of many structured media is the existence of 

preferential flow paths wherein advection dominates transport. Rapid transport 

in the "advective" domains is accompanied by diffusive mass transfer of solutes 

between the advection-dominated domains and those that are not. The" non

advective" domains, therefore, behave as sink/source components. Hence, in these 
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systems access to portions of the porous medium is constrained by diffusive mass 

transfer. In such systems differences in transport should be observed for solutes 

with different sizes, given the relationship between size (e.g., molecular weight) 

and diffusivity. This aspect of solute transport has received little attention to date. 

The purpose of this research is to investigate the transport of non-reactive 

solutes with different sizes in saturated, constructed structured media (aggregated, 

stratified, and macroporous media). Data obtained from miscible displacement 

experiments will be used to examine the effect of solute size on non-ideal 

transport. The dual-porosity mobile-immobile model will be used to attempt to 

quantify the solute-size effect. 

Materials and Methods 

Materials 

Analytical grade PFBA and 2,4-D (>99% purity) were purchased from 

Aldrich Chemical Co. The modified cyc1odextrin, HPCD, with a hydrophilic shell 

and a relatively apolar cavity (structure reported by Wang and Brusseau, 1993), 

was selected for its larger molecular weight and relatively large solubility. It was 

also purchased from Aldrich, with no purity reported. 3HzO was purchased from 

New England Nuclear. The pertinent properties of solutes are listed in Table 1. 



Experimental Procedures 

Aggregated System: 
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The synthetic aggregated porous media used in this study consisted of 

porous spheres with radii of 0.55 cm. Details of the technique employed to 

prepare the water-stable spheres from kaolinite clay suspension were described by 

Rao et aI., [1980a]. The average porosity of these spheres is about 0.365 

cm3Jcm3
• Analysis by Scanning Electron Microscopy (SEM) showed that the 

spheres (both at the surface and down to the center) are composed of pores that 

are about 1 J.lm in diameter. The porous spheres were saturated with electrolyte 

solution (0.01N CaCI:z) for several days and were packed into a glass column 

(Ace Glassware, 7.9 cm diameter, 15.0 cm length) along with glass beads. Pure 

silica-glass beads were selected to minimize sorbate interactions so as to focus on 

the physical non-equilibrium processes. The glass beads (212-300 J.lm diameter, 

mean 250 J.lm, Sigma Chemical Co.) were acid-soaked for one day and then 

washed with deionized water from NANOpure ultrapure water system until acid 

free. 

The columns were packed in incremental steps in the presence of the 

electrolyte solution to establish uniform bulk density. This porous media 

consisted of a distinct bimodal pore-size distribution, comprised of microporosity 

within the porous spheres and macroporosity between the spheres. This porous 
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medium was intended to represent an idealized aggregated medium with distinct 

inter- and intra-aggregate domains. Two columns with different numbers of 

porous spheres were packed (see Table 2). 

In addition to the glass columns described above, plexiglass columns were 

packed with the following porous media: (1) glass beads only and (2) solid glass 

spheres (0.5 cm radius) dispersed in glass beads. For the latter column, the ratios 

of the volumes of solid spheres to the column volume were the same as the 

corresponding columns with porous spheres. Data from these columns were used 

to examine the boundary effects of the column apparatus and the effect of a 

bimodal particle-size distribution on dispersion. 

Stratified System: 

A stainless steel column (7.6 cm diameter, 30.5 cm length, MODcol Corp.) 

was packed sequentially with two media of differing hydraulic conductivities. 

First, a central core of 210 ~m fine sand was emplaced; the diameter of the core 

was 4.1 cm. Second, the volume between the core and the column wall was filled 

with a 840 flm sand. The mass of 840 flm sand represented 74% of the total 

mass of solids packed in the column. Properties of the column are reported in 

Table 2. 
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A miscible-displacement experiment was also performed with a column 

packed with only the 840 Jlm sand. This column (2.5 cm diameter, 6.35 cm 

length) had a pore volume of 11.5 cm\ a bulk density of 1.55 g cm-3
, and a 

porosity of 0.37. This experiment, performed with PFBA, was used to obtain 

information on the dispersive properties of the coarse sand. 

Macroporous System: 

Preparative chromatography columns made of precision-bore stainless steel 

(2.1 cm diameter, and 7.0 cm length, Alltech Associates Inc.), with diffusion disks 

(2 Jlm pore diameter) at both ends, were used in the experiments with 

macroporous media. Stainless steel screen (74 Jlm in pore size) was used to form 

a cylindrical macropore (0.4 cm inside diameter, 6.2 cm length). This macropore 

was placed in the middle of the stainless steel column while packing with the 

glass beads (104 or 37 Jlm diameter). The columns were packed incrementally 

in the presence of electrolyte solution to ensure uniform distribution. For the 

column in which the 37 Jlm glass beads were packed, a glass microfiber filter (0.7 

Jlm in pore size) was wrapped around the screen to prevent the glass beads from 

entering the macropore. Properties of the columns are presented in Table 2. 
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Miscible Displacement 

After packing, the columns were slowly wetted from the bottom with 

electrolyte solution (0.01 N CaCI2 in the aggregated and macroporous system; 

10-3 M Ca(CI04)2 in the stratified system) for saturation and to condition them to 

the electrolyte solution. The columns were positioned vertically, with a HPLC 

pump (SSI Model 300) connected to the lower endplate of the column. A three-

way switching valve was placed in-line to facilitate switching between solutions 

with and without the solute of interest. A flow-through, variable-wavelength UV 

detector (Gilson Model 115, 235 nm) was used to continuously monitor 
. 

concentrations of PFBA or 2,4-0 in the column effluent. The transport of HPCD 

was analyzed by measuring the fluorescence of HPCD complexed with TNS (2-p-

toluidinnaphthalene-6-sulfonate) in a flow-through fluorometer (excitation filter, 

305-395 nm; emission filter, 430-470 nm) (Gilson Model 121). Output of f1ow-

through experiments was recorded on a strip-chart recorder (Fisher Recordall 

Series 5000 or Kipp & Zonen model BD41). The initial concentrations of solutes 

used in the experiments are listed in Table 1. 

For the experiments with 3H20, column effluent fractions were collected 

with an automated fraction collector (Pharmacia RediFrac or ISCO Retriever) and 

the activities for 3H20 in the effluent samples were analyzed by radioassay using 

liquid scintillation counting (Packard Tri-Carb Liquid Scintillation Analyzer, 
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Model 1600TR). Specific activity of tritium in the displacing solution was 2.5 

nCi/ml (in the aggregated and the macroporous systems) and 15 nCi/ml (in the 

stratified system). 

Data Analysis 

Dual-Porosity Mobile-Immobile Model 

For some of the systems analyzed herein we wiII assume one-dimensional 

steady-state water flow, with advective-dispersive flux confined to the advective 

domain. The two dimensionless governing equations for the first-order, dual 

porosity mobile-immobile (MI) solute transport model are [van Genuchten and 

Wierenga, 1976]: 

acl ac2 1 fPcI acl PR - + (l-P)R - - - - - -
aT aT P ox2 ox 

(1) 

Be2 ( l-A)R - - CJ>(C -C) 
II aT 1 2 

(2) 

Definitions of the parameters in equations 1-2 are as follows: 
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(3b) 

(3c) 

(3d) 

(3e) 

(31) 

(3g) 

(3h) 

where Ca and Co are the aqueous-phase concentrations for the advective and non-

advective domains (M L-3
), Co is the input concentration, v is the average pore-

water velocity (L rl) (with va = q/8a, the velocity in the advective domain), q is 

Darcy flux (L r 1
), t is time, x is distance, L is column length, D is the local-

scale dispersion coefficient for the advective domain (L2 r 1
), p is bulk density of 
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the porous media in the column (M L03), e is volumetric water content (with 

subscripts a and n representing advective and non-advective domains, 

respectively), f is the fraction of sorbent associated with the advective domain, ~ 

is the equilibrium sorption coefficient (L3 Mol), and a is the first-order mass 

transfer coefficient (T1
). 

Parameter Determination 

The preferred method by which to evaluate a model is to compare model 

predictions to experimental data, with all model parameters obtained 

independently. To do this, values must be obtained for four parameters: R, P, (3, 

and 00; the input pulse, T, is known from the experiment. For all cases, R was 

evaluated by mass balance (area above the curve or first moment); R values are 

listed in Table 3. Values are equal or close to 1 for all cases. 

For the aggregated system, values for the Peclet Number were based on the 

results of the miscible-displacement experiment for PFBA transport in the column 

packed with glass beads and solid glass spheres. This data set was analyzed with 

the traditional advection-dispersion equation, with the value for P being 

optimized. For WQ14, the Peelet Number was fixed at 90 (dispersivity = 0.17 

cm). The Peelet Number was 106 (dispersivity = 0.14 cm) for WQ11 and 40 

(dispersivity = 0.37 cm) for WQ13. For the stratified system, the Peelet Number 
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was based on the results of PFBA transport in the column packed homogeneously 

with 840 IJ.m sand. The dispersivity (0.1 cm) calculated from the optimized P 

was used to estimate P values for the stratified system. 

The ~ term represents the fraction of the solute retention that occurs 

"instantaneously". Note from (3h) that ~ = $ when there is no sorption (i.e., Kp 

= 0). For columns packed with the porous spheres, the total volume of water 

within the porous spheres and also that between the glass beads was 

gravimetrically measured by oven-drying the two media separately at 110°C. 

These measurements were then used to calculate the volumetric water contents 

associated with the inter- and intra-aggregate pore-water regions (i.e., ea and en, 

respectively). Thus, the fraction of the total water content residing in the inter

aggregate region, $, in each column could be calculated. Gravimetrically 

determined en values were nearly the same as those calculated by using the 

average porosity of 0.365 cm3 fcm3 for porous spheres and the total number of 

porous spheres in the columns. Values for $ are listed in Table 2. 

For the stratified media column, the 840 IJ.ffi sand was assumed to comprise 

the advective domain, whereas the 210 fA.m sand was assumed to comprise the 

non-advective domain. With the mass of the 840 IJ.m sand representing 74% of 

the total mass of solids, the foregoing assumption results in a value of 0.74 for 

$ and for~. For the macroporous media, the macropore is assumed to be the 
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"advective" domain while the pores between the glass beads.are assumed to be 

the "non-advective" domain. Calculated values for cp are reported in Table 2. 

The Damkohler Number, 00, contains the 'first-order mass transfer 

coefficient (a) and represents the mass transfer of solute between the advective 

and non-advective domains. The coefficient associated with the first-order model 

can be related to a diffusion coefficient, based on the Fick's Law approach, by 

employing an equation of the following form [cf., van Genuchten, 1985; Parker 

and Valocchi, 1986; Brusseau et aI., 1989a]: 

a - (4) 

where a is the shape factor, Do is the aqueous diffusion coefficient of the solute 

(L2 11), I is the characteristic length, and 1: is the tortuosity factor for the non-

advective domain. A value of 15 is used for the shape factor for the spherical, 

synthetic aggregates [Parker and Valocchi, 1986]. For the column packed with 

cylindrical stratified media, a is calculated to be 12 (for solid cylinder with length 

of cylinder = 15Q) [van Genuchten et aI., 1985]. For the aggregated media, I is 

the radius of pOrOitS spheres whereas I is the half-thickness of the low hydraulic-

conductivity layer (i.e., the non-advective domain) for the stratified media. A 

value of 2 is used for 1: [Roberts et aI., 1987; Brusseau et aI., 1994]. Equation 
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(4) was used to calculate values for (l, which were used as input to (3t) to 

calculate values for to. Values for pertinent properties of the experimental systems 

(a, eo' 'U, and I) are shown in Tables 2 and 3. Predicted values for f3 and to are 

given in Table 4. 

The predicted values obtained for the non-equilibrium parameters f3 and to 

are compared to optimized values obtained from curve fitting. The optimization 

was done by using CFmM3 [van Genuchten, 1981], a non-linear, least squares 

optimization program that incorporates Equations (1) and (2). Values for Rand 

P were fixed at independently determined values, leaving f3 and to as the two 

parameters that were optimized. In a second series, f3 was fixed to the measured 

values, leaving to and T values to be fitted. The fitted T values were very close 

to measured values. 

Results and Discussion 

Homogeneous System 

Stainless steel porous diffusion plates (100 J-lm pore size, Mott 

Metallurgical Corp.) were used on both endplates to ensure uniform water and 

solute movement. Preliminary testing of water movement in a column packed 

with glass beads was done by using red dye. The results showed that water 

movement was very uniform inside the column. The performance of the column 
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apparatus was further evaluated by performing a series of transport experiments 

in the column packed with glass beads. Replicate breakthrough curves for PFBA 

are shown in Fig. 1a. Symmetrical breakthrough curves indicate minimal 

dispersion associated with the column and the glass bea~s. The optimized 

dispersivity of 0.056 cm is indicative of a well-packed homogeneous column. In 

addition the results in Fig. 1a show excellent replication. 

Breakthrough curves for transport of 3H20 and PFBA through the column 

packed with glass beads and solid glass spheres are presented in Fig. lb. Again, 

the breakthrough curves are very symmetrical, with negligible early breakthrough 

and tailing. Furthermore, there is no difference between the 3H20 and PFBA 

breakthrough curves, which indicates that diffusion-controlled processes are not 

significantly affecting solute transport [Brusseau, 1993]. These results suggest 

that the column apparatus performed well with respect to uniform flow conditions 

and the absence of apparatus-induced dispersion. 

Aggregated System 

The breakthrough curves obtained for the transport of 3H20, PFBA, 2,4-0, 

and HPeD through the aggregated-media columns are presented in Figs. 2-6. 

These curves exhibit both early breakthrough and tailing (delayed approach to 

relative concentrations of 1 and 0), indicative of non-ideal transport. As 
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previously mentioned, the reproducibility of the miscible-displacement method 

was evaluated by comparing the results of replicate experiments. Breakthrough 

curves of 3HzO in column WQ13 and WQ14 are shown as an additional example 

(see Figs. 2a and 2b); good reproducibility of replicates is apparent. The frontal 

and distal portions of breakthrough curves obtained from this work were 

compared. For all solutes, these comparisons show the two curves to be 

coincident (figures not shown), indicative of a well-controlled experimental 

system. This also serves as a check on the mass balances, since coincident curves 

signify total recovery of the mass that entered the column. 

The extent of non-ideality is directly related to the number of porous 

spheres in the column. For example, tailing of the breakthrough curve for 3HzO 

transport in WQ14 (N = 0.53) is more pronounced than that for WQ13 (N = 0.28) 

(see Fig. 3a). The number of porous spheres in WQ14, which corresponds to the 

extent of non-advective domains (microporosity), is nearly twice that in WQ13. 

Therefore, diffusive mass transfer of solute between advective and non-advective 

domains has greater impact for WQ14 than for WQ13. 

Since diffusive mass transfer is a rate-limited process, residence time is 

expected to affect non-ideality. This is shown in Fig. 3b, where breakthrough 

curves obtained at two pore-water velocities are presented. Inspection reveals that 

the breakthrough curve is more non-ideal at the large pore-water velocity. Further 
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evidence of the existence of a rate-limited process is provided by the results of 

flow interruption experiments (Fig. 4a), performed following the methods of 

Brusseau et al. [1989b]. A drop in the concentration profile for the arrival wave 

and a concentration rebound for the elution wave for non-reactive solutes is 

indicative of transport influenced by a physically related rate-limited process. The 

preceding results can be attributed to the impact of diffusive transfer of solute 

between the inter- and intra-aggregate pore-water regions. Transport in such a 

system should be influenced by solute size. 

Breakthrough curves obtained for all solutes for columns WQ 13 and WQ 14 

are shown in Figs. 5 and 6. A comparison reveals that the extent of tailing is in 

the following order: HPCD > 2,4-0, PFBA > 3H20. For example, the point at 

which the output concentration equals the input concentration was attained at 

approximately 11.9,6.4,6.8, and 3.8 pore volumes for HPCD, 2,4-0, PFBA, and 

3H20, respectively, in the WQ13 system. This trend exhibited by different solutes 

is consistent with the impact of solute size on the relative degree of non

equilibrium experienced by solutes whose transport is constrained by diffusive 

mass transfer [Brusseau, 1993]. The basis of this effect can be seen by inspecting 

Equation 4, which shows that a is a function of Do. For a given fluid, the 

diffusion coefficient is a function of solute properties such as size or molecular 

weight. 
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Flow interruption experiments have provided additional evidence regarding 

the effect of solute size on diffusive transfer of solute between the inter- and 

intra-aggregate pore-water regions. The effect of the length of flow interruption 

on transport of tritiated water and PFBA is shown in Figs. 4b and 4c. Flow

interruption times of 2, 4, and 8 hours produced similar results for tritiated water, 

i.e., the magnitudes of the concentration cbanges were similar for all three 

interruptions. This indicates that the diffusive mass transfer process reached 

equilibrium within two hours for tritiated water. For PFBA, the magnitudes of 

the concentration change increased with increasing interruption time, indicating 

non-equilibrium conditions. This difference in behavior is due to the fact that 

tritiated water has a larger aqueous diffusion coefficient than PFBA. 

For most cases, the simulations produced with the independently 

determined values for P, R, 13, and 0) provided good predictions of the 

experimental data (see Figs. 7 and 8). The optimized simulations produced with 

the first-order, dual-porosity MI model provided good fits to the data. The one 

exception is experiment 14-4, which involved transport of HPCD. The optimized 

curve did not reproduce the extensive tailing exhibited by the data (data not 

shown). Thus, the fitted OJ value is suspect. The optimized values for 13 and OJ 

are reported in Table 4, as are the calculated values. In most cases, especially for 

PFBA and 2,4-D, the optimized 13 values are similar to the calculated values. 
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-This suggests that the optimized ~ term does, in fact, represent a real physical 

entity, i.e., the internal porosity of the aggregates. The predicted <0 values are 

reasonably close to the optimized values; the optimized and calculated <0 values 

differ by a factor of less than two in most cases (Table 4). When fixing ~ to the 

calculated values, optimized w values are nearly the same as the calculated <0 

values, except for HPCD in WQ14 (exp. no. 14-4). 

From Equation 4, it is clear that a is a function only of Do (i.e., solute size) 

for a given system (i.e., constant a, eo, 't and 1). Hence, the ratio of the a value 

for a specified solute to that of 3H20 should be equal to the ratio of their 

respective Do values. Comparisons between Do ratios and the a ratios are 

presented in Table 5 for the aggregated media. The a ratios are quite comparable 

to the Do ratios for all cases except experiment 14-4 (HPCD). As discussed 

above, the fitted <0 value and, thus, the a value is suspect for this experiment. 

The generally good comparisons presented in Table 5 suggest that the impact of 

solute size on mass transfer and transport can, in this case, be represented 

quantitatively with the dual-porosity MI model. 

Stratified System 

The breakthrough curves obtained for the transport of 3H20 and PFBA 

through the stratified-media column are presented in Fig. 9. These curves also 
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exhibitJ~oth early breakthrough and tailing, indicative of non-ideal transport. 

Comparison of the two curves reveals that the extent of tailing exhibited by PFBA 

is greater than that exhibited by 3HzO. Specifically, the point at which the output 

concentration equals the input concentration was attained at approximately 3 pore 

volumes for 3HzO and at approximately 6 pore volumes for PFBA. The greater 

degree of non-ideality exhibited by PFBA is consistent with the impact of solute 

size on the diffusive mass-transfer process between the advective and non

advective water domains. 

The predicted breakthrough curves simulated with the dual-porosity MI 

model are compared to the experimental data in Fig. 9. The predicted simulations 

match the experimental data fairly well, especially considering that values for all 

parameters were obtained independently. The optimized values of f3 and ill 

obtained for the data are listed in Table 4. The predicted values are within, or are 

relatively close to, the 95% confidence intervals of the optimized values. These 

results suggest that the first-order dual-porosity MI model can be used to 

approximate solute transport in this stratified porous media. 

Macroporous System 

Breakthrough curves for transport of PFBA in the macroporous media are 

shown in Figs. lOa and lOb; good reproducibility is again apparent. Tailing 
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exhibited by the breakthrough curves indicates non-ideal transport in the column 

with the macropore packed in 104 f.Ull glass beads (WQI6). However, no "early 

breakthrough" was observed. Conversely, the solutes appeared almost 

immediately in the effluent for the column with the macropore packed in 37 !lm 

glass beads (WQ17). The abrupt change in shape of the breakthrough curve at 

CICo = 0.9 probably results from transport in the glass-bead matrix, whereas the 

early breakthrough is associated with transport in the macropore. 

The breakthrough curves for transport of all solutes in WQ16 and WQ17 

are shown in Figs. 11 and 12. Inspection reveals that the extent of tailing exhibits 

the following order: HPCD > 2,4-D, PFBA > 3H20. For column WQ16, the point 

at which the output concentration equals the input concentration was attained at 

approximately 6.7, 5.3, and 3.0 pore volumes for 2,4-D, PFBA and 3H20, 

respectively. For column WQ17, the point at which the output concentration 

equals the input concentration was attained at approximately 28.1, 10.2, 8.1, and 

4.2 pore volumes for HPCD, 2,4-D, PFBA, and 3H20, respectively. This trend 

of degree of non-ideality exhibited by these different-sized solutes is consistent 

with the impact of solute size on the diffusive mass-transfer process as discussed 

above. 

With the dual-porosity MI model, the porous medium is conceptualized to 

consist of two domains, an "advective" domain, where advective-dispersive flux 
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occurs, and a "non-advective" domain wherein advection is negligible. From this 

assumption, f3 should be 0.08 for both macroporous columns (see Table 2). 

However, the fitted f3 values based on the first order, dual-porosity MI model are 

much larger (0.92-0.97 for WQ16; 0.41-0.77 for WQ17), indicative of the failure 

of the dual-porosity MI model for this system. It is likely that the system is 

comprised of "higher flow" and "lower flow" domains, instead of "advective" and 

"non-advective" domains. 

Summary and Conclusions 

The miscible displacement technique was used to obtain data for the 

transport of solutes of different sizes in columns packed with aggregated, 

stratified, and macroporous media. The resultant breakthrough curves exhibited 

both early breakthrough and tailing, indicative of non-ideal transport. Comparison 

of the curves revealed that the extent of tailing was in the following order: HPCD 

> PFBA, 2,4-D > 3H20. This behavior is consistent with the impact of solute size 

on the relative degree of non-equilibrium experienced by solutes where transport 

is constrained by diffusive mass transfer. The analyses presented above provide 

evidence that solute size can influence transport in aggregated, stratified, and 

macroporous media. Hence, performing tracer experiments with solutes of 

different size would appear to be a good method by which to elucidate the 
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existence of soil structure and to characterize its impact on transport. It must be 

remembered, however, that solute size is one of several factors (e.g., structure 

characteristics, pore-water velocity) that influences the degree of non-ideality 

observed for solute transport in structured porous media. 

Predicted curves simulated with the first-order, dual-porosity mobile

immobile transport model were compared to the experimental breakthrough curves 

obtained in the aggregated and stratified media. In most cases, the predicted 

simulations matched the experimental data quite well. Thus, it appears that the 

first-order, dual-porosity MI model can be used to approximate solute transport 

in aggregated and stratified media, at least for systems similar to those evaluated 

herein. However, it must be remembered that the dual-porosity approach is a 

simplification of reality. The binary demarkation of a structured system into 

advective and non-advective regions may not be sufficient or appropriate for 

many systems, such as the macroporous system used in this study. 

ACKNOWLEDGEMENTS. This work was supported in part by projects from 

the United States Department of Agriculture and the Department of Energy. We 

thank Dr. P.S.C. Rao, University of Florida, who kindly lent us the porous 

ceramic spheres. A portion of this work was performed under the auspices of the 

U.S.D.O.E. Faculty Fellow Program (NORCUS), at BattellelPNL, Washington. 



99 

The assistance of John Zachara, Jerry Phillips, and Jim Szecsody from 

BattelleIPNL is greatly appreciated. 

References 

Biggar, J.W., and D.R. Nielsen, Some comments on molecular diffusion and 
hydrodynamic dispersion in porous media, J. Geophy. Res., 67, 3636-3637, 1962. 

Brusseau, M.L., The influence of solute size, pore water velocity, and intraparticle 
porosity on solute dispersion and transport in soil, Water Resour. Res., 29(4), 
1071-1080, 1993. 

Brusseau, M.L., and Rao, P.S.C., Modeling solute transport in structured soils: 
A review, Geoderma, 46(1-3), 169-192, 1990. 

Brusseau, M.L., Jessup, R.E., and Rao, P.S.C., Modeling the transport of solutes 
influenced by multi-process non-equilibrium, Water Resour. Res., 25(9), 1971-
1988, 1989a. 

Brusseau, M. L., Rao, P. S. C., Jessup, R. E., and Davidson, J. M. Flow 
interruption: A method for investigating sorption nonequilibrium. J. Colltam. 
Hydro/., 4(3), 223-240, 1989b. 

Brusseau, M.L., Gerstl, Z., Augistijn, D., and Rao, P.S.C., Simulating solute 
transport in an aggregated soil with the dual-porosity model: Measured and 
optimized parameter values, J. Hydrol., 163:187-193, 1994. 

Czapar, G.F., Horton, R., and Fawcett, R.S., Herbicides and tracer movement in 
soil columns containing an artificial macropore, J. Environ. Qual., 21, 110-115, 
1992. 

Herr, M, Schafer, G., and Spitz, K., Experimental studies of mass transport in 
porous media with local heterogeneities,J. Con tam. Hydrol., 4(2), 127-137, 1989. 

Koch, A., and Fliihler, H., Non-reactive solute transport with micropore diffusion 
in aggregated porous media determined by a flow-interruption method, J. Contam. 
Hydrol., 14, 39-54, 1993. 



100 

Nkedi-Kizza, P., Biggar, J.W., van Genuchten, M.Th, Wierenga, PJ., Selim, 
H.M., Davidson, J.M., and Nielsen, D.R., Modeling tritium and chloride 36 
transport through an aggregated Oxisol, Water Resour. Res., 19(3),691-700,1983. 

Parker, J.C., and Valocchi, AJ., Constraints on the validity of equilibrium and 
first-order kinetics transport models in structured soils, Water Resour. Res., 22(3), 
399-407, 1986. 

Passioura, J .B., Hydrodynamic dispersion in aggregated media. l.Theory, Soil 
Sci., 111, 339-344, 1971. 

Rao, P.S.C., Rolston, D.E., Jessup, R.E., and Davidson, J.M., Solute transport in 
aggregated porous media: Theoretical and experimental evaluation, Soil Sci. Soc. 
Am. J., 44(6), 684-688, 1980a. 

Rao, P.S.C., Jessup, R.E., Rolston, D.E., Davidson, J.M. and Kilcrease, D.P., 
Experimental and mathematical description of non-adsorbed solute transfer by 
diffusion in spherical aggregates, Soil Sci. Soc. Am. J., 44(6), 684-688, 1980b. 

Roberts, P.V., Goltz, M.N., Summers, R.S., Crittenden, J.C., and Nkedi-Kizza, 
P., The influence of mass transfer on solute transport in column experiments with 
an aggregated soil, J. Contam. Hydrol., 1, 375-393, 1987. 

Singh, P., and Kanwar, R.S., Preferential solute transport through macropores in 
large undisturbed saturated soil columns, J. Environ. Qual., 20, 295-300, 1991. 

Southworth, G.R., Kenneth, W.W., and Keller, J.L., Comparison of models that 
describe the transport of organic compounds in macroporous soil, Environ. Toxic. 
Chem., 6, 251-257, 1987. 

Sudicky, E.A., Gillham, R.W., and Frind, E.O., Experimental investigation of 
solute transport in stratified porous media: 1. The nonreactive case, Water 
Resour. Res., 21(7), 1035-1041, 1985. 

Tucker, W.A., and Nelken, L.H., Diffusion coefficients in air and water. in 
Handbook of Chemical Property Estimation Methods: Environmental Behavior of 
Organic Compounds. W.J. Lyman, W.F. Reehl, and D.H. Rosenblatt (eds.), 
McGraw-Hill, New York, pp. 17-1 to 17-25, 1982. 



101 

van Genuchten, M.Th., and Wierenga, P.J., Mass transfer studies in sorbing 
porous media: 1. Analytical solutions, Soil Sci. Soc. Am. I., 40(4), 473-480, 1976. 

van Genuchten, M.Th., and Wierenga, PJ., Mass transfer studies in sorbing 
porous media: 2. Experimental evaluation with tritium CH20), Soil Sci. Soc. Am. 
I., 41, 272-278, 1977. 

van Genuchten, M.Th., Research Report No. 119, USDA Salinity Laboratory, 
Riverside, CA, 1981. 

van Genuchten, M.Th., A general approach for modeling solute transport in 
structured soils. Mem. Int. Assoc. Hydrogeol., 17 (part 1), 513-526, 1985. 

Wang, J.H., Robinson, C.Y., and Edelman, I.S., Self-diffusion and structure of 
liquid water. III. Measurement of the self-diffusion of liquid water with H2, H3

, 

and 0 18 as tracers, I. Am. Chem. Soc., 75, 466-470, 1953. 

Wang, X. and Brusseau, M.L., Solubilization of some low-polarity organic 
compounds by hydroxypropyl-(3-cycIodextrin, Environ. Sci. Tech., 27(13), 2821-
2825, 1993. 



102 

Table 1. Properties of the Solutes 

Solute MW Co (mgIL) 

22 22 0.0878* 

PFBA 212 144 0.0284# 100 

2,4-D 221 156 0.0243# 50 

HPCD 1500 1875 0.0064# 2000 

MW: molecular weight; MV: molar volume; Do: diffusion coefficient in water; Co: 

influent concentration of solute. 

* from Wang et a1. (1953). 

# estimated by use of Hayduk and Laudie approach [Tucker and Nelken, 1982]. 

$ MV = M.W./density; with densities (glcm3
) of 0.8 for HPCD, 1.47 for PFBA, 

and 1.42 for 2,4-D. 



Table 2. Properties of the Packed Columns and Selected Parameter Values 

Porous Media 

Homogeneous media: 

Glass beads only 

Solid spheres in 
glass beads 

Solid spheres in 
glass beads 

Aggregated media: 

Porous spheres in 
glass beads 

Porous spheres in 
glass beads 

Porous spheres in 
glass beads 

Column No. L p T a a. an cp N a I 

Plexiglass wq10 15.0 1.47 223 0.33 0.33 1.0 

Plexiglass wq11 15.0 1.72 204 0.30 0.30 1.0 0.37 

Plexiglass wq12 15.0 1.89 177 0.26 0.26 1.0 0.71 

Glass wq13 15.0 1.60 267 0.37 0.30 0.07 0.81 0.28 15 0.55 

Glass wq14 15.0 1.66 262 0.36 0.23 0.13 0.63 0.53 15 0.55 

Plexiglass wq18 15.0 1.65 263 0.39 0.25 0.14 0.64 0.57 15 0.55 

..... 
8 



Table 2. Properties of the Packed Columns and Selected Parameter Values (cont.) 

Porous Media 

Stratified media: 

210 ~ and 
840 ~ sand 

Macroporous media: 

Macropore in 
104 ~ sand 

Macropore in 
37 Jim sand 

Column 

Stainless 
steel 

Stainless 
steel 

Stainless 
steel 

No. L p T 9 9a 9n <P N 

wq15 30.5 1.44 680 0.49 0.36 0.13 0.74 

wq16 7.0 1.48 9.3 0.38 0.03 0.35 0.08 

wq17 7.0 1.46 10.0 0.40 0.03 0.37 0.08 

a I 

12 2.01 

L is column length (cm); p is bulk density (glcm3
); T is column pore volume (cm3

); 9 is fractional pore-water 

content (a, n denoting advective and non-advective, respectively); <p = 9.19; N is number of spheres per column 

volume (no./cm3
); a is shape factor; I is characteristic length (cm). 

~ 

~ 



Table 3. Conditions of the Experimental Systems and Selected Parameter Values 

------------------------------------------------------------------------------------------------------------------.------------------------------
Media Column Exp. no. Solute q v va TO R@ 
-------------------------------------------------------------------------------------------------------------------------------------------------
Aggregated wq13 13-1 3HO 2 5.55 15.2 18.8 7.1 1.1 

wq13 13-2 3HO 2 5.52 15.1 18.7 8.1 1.0 

wq13 13-3 PFBA 5.43 14.8 18.4 6.6 1.1 

wq13 13-5 2,4-D 5.45 14.9 18.5 6.1 1.0 

wq13 13-6 2,4-D 5.45 14.9 18.5 8.4 1.1 

wq13 13-4 HPCD 5.46 14.9 18.5 12.8 1.0 

wq14 14-1 3H2O 5.47 15.3 24.1 5.7 1.1 

wq14 14-2 3H2O 5.45 15.2 24.0 5.7 1.1 

wq14 14-3 PFBA 4.10 11.4 17.9 6.7 1.1 

wq14 14-4 HPCD 5.63 15.7 24.8 6.1 1.1 

wq14 14-5 3H2O 0.63 1.8 2.8 3.1 1.2 

wq18 18-1 PFBA 6.12 15.8 24.9 4.6 1.0 

----------------------------------------------------------------------------------------------------.-------------------------------------------- ~ 

~ 



Table 3. Conditions of the Experimental Systems and Selected Parameter Values (cont.) 

-------------------------------------------------------------------------------------------------------------------------------------------------
Media Column Exp. no. Solute q v Va 

TO R@ 

----------------------------------------------------------------------------------------------------------------------------.---------.----------
Aggregated wq18 18-2# 3H2O 6.07 15.7 24.7 4.5 1.0 

wq18 18-3# PFBA 6.07 15.7 24.7 4.5 1.0 

wq18 18-4# 3H2O 6.05 15.6 24.6 13.2 1.0 

wq18 18-5# PFBA 6.05 15.6 24.6 13.2 1.1 

Stratified wq15 15-1 3H2O 4.10 8.3 11.7 3.6 1.0 

wq15 15-2 PFBA 4.10 8.3 11.7 5.8 1.0 

Macropore wq16 16-1 3HO 2 1.44 65.3 16.5 1.0 

wq16 16-2 PFBA 1.31 59.2 4.7 1.0 

wq16 16-3 2,4-D 1.26 57.0 9.3 1.0 

wq17 17-1 3H2O 1.51 61.9 7.8 1.0 

wq17 17-2 PFBA 1.49 61.2 10.5 1.0 

wq17 17-3 PFBA 1.50 61.4 12.9 1.0 

wq17 17-4 2,4-D 1.51 61.9 20.9 1.0 

wq17 17-5 HPCD 1.50 61.5 28.1 1.2 
-------------------------------------------------------------------------------------------------------------------------------------------------
° input pulse. @R is retardation factor. # flow interruption experiments. ~ 

c 
0' 



Table 4. Calculated and Optimized Non-equilibrium Parameter Values 

-------------------------------------------------------.-----------------------------------------------------------------------------------------
Exp. no.· Solute f3 OJ a 

.------------------------------- -------------------------------
calculated optimized# calculated op!imized calculated optimized 

-------------------------------------------------------------------------------------------------------------------------------------------------
13-1 3H2O 0.81 0.66 (0.65-0.67) 0.42 0.83 (0.71-0.95) 0.15 0.31 (0.26-0.35) 

0.81 0.81 0.42 0.40 (0.32-0.48) 0.15 0.15 (0.12-0.18) 

13-2 3H2O 0.81 0.61 (0.59-0.63) 0.42 1.20 (1.01-1.39) 0.15 0.44 (0.37-0.51) 

0.81 0.81 0.42 0.44 (0.39-0.49) 0.15 0.16 (0.14-0.18) 

13-3 PFBA 0.81 0.88 (0.88-0.88) 0.14 0.10 (0.09-0.11) 0.05 0.04 (0.04-0.04) 

0.81 0.81 0.14 0.20 (0.16-0.24) 0.05 0.07 (0.06-0.08) 

13-4 HPCD 0.81 0.54 (0.53-0.55) 0.03 0.50 (0.45-0.55) 0.01 0.18 (0.16-0.20) 

0.81 0.81 0.03 0.04 (0.04-0.04) 0.01 0.01 (0.01-0.01) 

13-5 2,4-D 0.81 0.80 (0.79-0.81) 0.12 0.16 (0.13-0.19) 0.04 0.06 (0.05-0.07) 

0.81 0.81 0.12 0.14 (0.12-0.16) 0.04 0.05 (0.04-0.06) 

13-6 2,4-D 0.81 0.82 (0.81-0.83) 0.12 0.16 (0.13-0.19) 0.04 0.06 (0.05-0.07) 

0.81 0.81 0.12 0.17 (0.13-0.21) 0.04 0.06 (0.05-0.07) 
-------------------------------------------------------------------------------------------------------------------------------------------------

.-
0 
-l 



Table 4. Calculated and Optimized Non-equilibrium Parameter Values (cont.) 

--------------------------------------------------------------------------------------------------------.----------------------------------------
Exp. no. Solute ~ ill a 

.------------------------------- -------------------------------
calculated optimized- calculated optimized calculated optimized 

-------------------------------------------------------------------------------------------------------------------------------------------------
14-1 3H2O 0.63 0.57 (0.55-0.59) 0.78 0.65 (0.61-0.69) 0.28 0.24 (0.22-0.26) 

0.63 0.63 0.78 0.51 (0.43-0.59) 0.28 0.18 (0.16-0.20) 

14-2 3H2O 0.63 0.58 (0.57-0.59) 0.78 0.61 (0.57-0.65) 0.28 0.22 (0.21-0.23) 

0.63 0.63 0.78 0.57 (0.57-0.57) 0.28 0.21 (0.21-0.21) 

14-3 PFBA 0.63 0.64 (0.63-0.65) 0.34 0.24 (0.22-0.26) 0.09 0.06 (0.06-0.06) 

0.63 0.63 0.34 0.27 (0.25-0.29) 0.09 0.07 (0.07-0.07) 

14-4 HPCD 0.63 0.61 (0.60-0.62) 0.06 0.28 (0.24-0.32) 0.02 0.11 (0.09-0.13) 

0.63 0.63 0.06 0.20 (0.18-0.22) 0.02 0.07 (0.06-0.08) 

18-1 PFBA 0.64 0.66 (0.65-0.66) 0.24 0.19 (0.17-0.21) 0.10 0.08 (0.07-0.08) 

0.64 0.64 0.24 0.22 (0.19-0.24) 0.10 0.09 (0.08-0.10) 

15-1 3H 0 2 0.74 0.80 (0.79-0.81) 0.12 0.04 (0.02-0.06) 0.016 0.005(0.003-0.007) 

15-2 PFBA 0.74 0.77 (0.76-0.78) 0.04 0.05 (0.02-0.08) 0.005 0.007 (0.003-0.01) 

-------------------------------------------------------------------------------------.-----------------------------------------------------------
- Numbers 13-18 denote column number and 1-6 individual experiment. 
# values in parentheses represents 95% confidence intervals. I-' 

0 
00 



Table 5. Comparison of a and Do Ratios for Aggregated Media 

Exp. no. Solute OSofDH
O 

aSjaH 

13-1,2· 3H2O 1.0 

13-3 PFBA 3.1 2.2 

13-4 HPCO 13.7 11.9 

13-5 2,4-0 3.6 3.1 

13-6 2,4-0 3.6 2.6 

14-1,2· 3H2O 1.0 

14-3 PFBA 3.1 2.8 

14-4 HPCO 13.7 2.8 

• average of replicates. 

Note: the a values obtained from the fixed-~ optimization are used for calculation of the ratio. 

DS
o = aqueous diffusion coefficient for selected solute. 

OH 0 = aqueous diffusion coefficient for water. 

as = mass transfer coefficient for selected solute. 

a H = mass transfer coefficient for water. ..-
o 
\0 
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Figure 1. A. BTCs for PFBA through the homogeneous glass bead 
column. B. BTCs for tritiated water and PFBA through the 
column packed with glass beads and solid spheres. 
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Figure 3. A. Effect of number of porous spheres on transport. 
B. Effect of pore-water velocity on transport. 



z 
o 
......c 

~ 
~ 
~ z o u 

~ 
~ 
,....:l 
~ 
~ 

1 I ~ 
0 QJ~ 

WQ18 
DO 8 

D 
DDO 

t- ~~ 2 hours 
0 

o Tritiated Water 
0.8 o~. 

D 
0 D 

D PFBA 
0.6 t- 19 

0 

0.4 . 0 
0 

I 
D D 

'0 fb 
0.2 ~o [I)~ 

a 
8 hours 8g? 'B 

D 
A 0 II D \ 

0 

0 
0 5 10 15 20 

PORE VOLUMES 
Figure 4. Simultaneous transport of tritiated water and PFBA 

(interruption time as noted). 

25 

~ 

~ 

Vl 



114 

0.2 
c 

123 4 5 

PORE VOLUMES 
Figure 4. Effect of flow interruption time on concentration 
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Abstract 

The purpose of this work was to investigate the effect of sorbate structure, 

by using the quantitative structure-activity relationship (QSAR) approach, on 

sorption of organic compounds by two soils with different amounts of organic 

matter. Miscible displacement experiments were performed with several organic 

contaminants representing six classes of nonpolar, nonionizable organic chemicals, 

including chlorinated aliphatics, chlorobenzenes, polycyclic aromatic hydrocarbons 

(PAHs), n-alkylbenzenes, methylated benzenes, and polychlorinated biphenyls 

(PCBs). The breakthrough curves were analyzed by using a bicontinuum model 

wherein sorption is assumed to be instantaneous for a fraction of the sorbent and 

rate limited for the remainder. The QSAR approach was used to investigate the 

dependency of both equilibrium and nonequilibrium sorption coefficients on 

topological descriptors representing structural properties of the solutes. For both 

equilibrium and nonequilibrium parameters, the first-order valence molecular 

connectivity eX) was found to be the best topological descriptor. Most of the 

rate-limited sorption behavior could be explained by accounting for the size and 

structure of the solute molecule, as indicated by the good correlation between the 

rate coefficient and IXV
• This supports the contention that rate-limited sorption in 

these systems is controlled by a physical diffusion mechanism, consistent with the 

polymer diffusion model. Based on this model, the calculated diffusion-length 
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ratios for the Borden and Mt. Lemmon soils, which have a large difference in 

organic matter contents, compare favorably to the values determined from the 

measured rate data. 

Introduction 

Rate-limited sorption of nonionic, low-polarity organic compounds by 

natural sorbents has been a focus of recent study [1-5]. Knowledge of the role 

of sorb ate, solvent, and sorbent properties in mediating rate-limited sorption is 

required for a complete understanding of the sorption kinetics process. The 

structure of the sorbate (e.g., nature, size, and reactivity of functional groups) 

appears to have a major influence on the degree of rate-limited sorption 

experienced by a given sorbate [6-8]. Hence, the structure of the sorbate should 

be considered when the rate-limited sorption of organic chemicals is evaluated. 

Quantitative structure-activity relationships (QSAR) are a means of 

evaluating the dependence of the behavior of solutes on their molecular properties. 

A QSAR analysis usually takes the form of a plot or regression of the properties 

of interest as a function of an appropriate molecular descriptor which can be 

obtained from knowledge of molecular structure. A considerable effort has been 

devoted to using QSAR analysis to elucidate the fundamental molecular 

determinants of physical-chemical properties [9]. Sabljic [10-11] and Meylan et 
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al. [12] demonstrated that molecular connectivity, a specific descriptor, can be a 

useful predictive tool of soil sorption coefficients for a wide range of organic 

chemicals. Despite the fact that the QSAR approach has been widely used in 

many research areas, it has seldom been used to analyze rate-limited sorption of 

organic compounds by soil, either for parameter estimation or for mechanism 

evaluation [8]. 

The purpose of this work is to investigate the relationship between sorbate 

structure and rate-limited sorption by using the QSAR approach. This is 

accomplished by examining the rate-limited sorption of compounds, representing 

six classes of major organic contaminants, by two sorbents differing in organic

mater contents. Both equilibrium and rate-limited sorption parameters are 

correlated with topological descriptors to gain more information about the 

attendant sorption processes. 

Materials and Methods 

Materials. 

The following analytical-grade chemicals (Aldrich Chemical Co.) were 

employed in the experiments: pentafluorobenzoate, trichloroethene, 

tetrachloroethene, chlorobenzene, 1,2,4-trichlorobenzene, benzene, naphthalene, 
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anthracene, pyrene, toluene, m-xylene, ethyl benzene, n-propylbenzene, Il-

butylbenzene, biphenyl, and 2-chlorobiphenyl. 

Two porous materials were used for this study. One (Borden) is a sandy 

subsoil collected from the Canadian Air Forces Base in Borden, Ontario. The 

second (Mt. Lemmon) is a surface soil collected from a site near Tucson, AZ. 

Measured organic carbon contents and particle-size distributions are reported in 

Table 1. Both soils were air dried and sieved «2 mm) prior to use. 

Preparative chromatography columns made of precision-bore borosilicate 

glass (2.5 cm Ld., 5.0 cm length, Kontes Co.) or precision-bore stainless steel (2.1 

cm Ld., and 7.0 cm length, Alltech Associates Inc.) were used in the experiments. 

The columns are designed to have a minimum void volume in the end plates. 

Experimental Procedures. 

The columns were packed in incremental steps with the dry porous medium 

to establish unifonn bulk density. After packing, the columns were slowly wetted 

from the bottom with electrolyte solution (0.01 N CaCI2). After saturation was 

achieved, about 100 pore volumes of solution were pumped through the columns 

to condition them to the electrolyte solution. Selected properties of the packed 

columns are reported in Table 1. The unusually small bulk density and large 
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porosity associated with the Mt. Lemmon soil results primarily from its large 

organic carbon content. 

The apparatus and methods employed for the miscible displacement studies 

were similar to those used by Hu and Brusseau [13]. One single-piston HPLC 

pump (Gilson Medical Electronics, Model 305) was connected to the column, 

with a three-way switching valve placed in-line to facilitate switching between 

solutions with and without the solute of interest. The system was designed so that 

the solutes contacted only stainless steel, glass, or Teflon. 

A flow-through, variable-wavelength UV detector (Gilson, Model 115) was 

used to continuously monitor concentrations of most compounds. The 

wavelength, determined by selecting for maximum response, used for each 

compound is reported in Table 2. A flow-through fluorometer (Gilson, Model 

121) was used for the anthracene and pyrene experiments (excitation filter, 305-

395 nm; emission filter, 430-470 nm). Output of the flow-through experiments 

was recorded on a strip-chart recorder (Fisher Recordall Series 5000). 

A flow rate of 1.6 ml/min was used for all experiments. This corresponded 

to pore-water velocities of approximately 60 and 27 cm/h for the Borden and Mt. 

Lemmon columns, respectively. Pentafluorobenzoate, which was not sorbed by 

either of the two soils, was used to characterize the hydrodynamic characteristics 
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of the columns. The initial concentrations of solutes used in the experiments are 

listed in Table 2. 

Data Analysis. 

A bicontinuum model based on first-order mass transfer will be used to 

analyze the results of the experiments. With the first-order model, sorption is 

conceptualized to occur in two domains (see references in 4): 

kl 
C .. Sl 1'1 S2 (1) 

Ie,. 

where 

SI = FK.,C (2) 

dS2/dt = kISI - kzS2 (3) 

and where C is the solution-phase solute concentration (M L"3), SI is the sorbed-

phase concentration (M Mol) in the "instantaneous" domain, S2 is the sorbed-phase 

concentration (M Mol) in the rate-limited domain, ~ is the linear equilibrium 

sorption coefficient (L3 Mol), F is the fraction of sorbent for which sorption is 

instantaneous, t is time, and kl and ~ are forward and reverse first-order rate 

coefficients (il), respectively. 

The following nondimensional equations describe the transport of sorbing 

solutes during one-dimensional, steady state water flow in a homogeneous porous 
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medium: 

ac· as· 1 &-c· OC· 
JJR- +(1-JJ)R- - - - --

aT aT P ax2 ax 
(4) 

(l-JJ)R as· - CJ>(c·-s·) (5) 
aT 

The definitions for equations 4-5 are as follows: 

C· = C/Co (6a) P = vL/D (6b) 

s· = S2/(1-F)~Co (6c) R = 1 + (p/9)~ (6d) 

T = vtlL (6e) f3 = [1 + F(p/9)~]1R (6f) 

X = xlL (6g) 0) = ~(l-f3)RL/v (6h) 

and where Co is the solute concentration (M Lo 3) of the influent solution, 'U is the 

average pore-water velocity (L Tl) (with 'U = q/9), q is Darcy flux (L TI), x is 

distance, L is column length, D is the dispersion coefficient (L 2 Tl), P is soil 

bulk density (M L03), 9 is fractional volumetric soil-water content, P is the Peelet 

number, which represents the dispersive-flux contribution to transport, R is the 

retardation factor, which represents the effect of sorption on transport, f3 is the 

fraction of instantaneous retardation, and 0) is the Damkohler number, which is 

a ratio of hydrodynamic residence time to characteristic time for sorption. These 

last two terms specify the degree of nonequilibrium existent in the system, which 

decreases as either of the two increase in magnitude. 
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To run the model, knowledge of the following parameters is required: P, 

R, ~, <.0, and To, the size of the input solute pulse in pore volumes. The value for 

P was obtained from the breakthrough curve of a nonsorbing solute, 

pentafluorobenzoate, by use of a nonlinear, least-squares optimization program 

[14] to solve the advective-dispersive local eqUilibrium transport model. The 

value for R, and thus ~ (see eq. 6d), was obtained by moment analysis. The size 

of the solute pulse, To, is known from measurement. The two unknown 

parameters are thus ~ and <.0. A nonlinear, least-squares optimization program 

using the bicontinuum model [14] was used under flux-type boundary conditions 

to determine values for the two unknowns. Values for F and k2 were calculated 

from the values of ~ and <.0 (see eq. 6f and 6h). When R is small, the 

optimization often produced F values less than O. In these cases, the optimization 

was redone with F set equal to 0, which results in fixed values for f3 (= 1/R). This 

parameterization is equivalent to the so-called "one-site" model, where all sorption 

is rate-limited. 

Molecular Descriptors. 

Three size- and shape-related molecular descriptors are used in the QSAR 

analyses. The first is the first-order valence molecular connectivity index CXV) 

(the sum over all connections or edges in the hydrogen suppressed molecular 
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graph), which is a representation of the topological size of the molecule and its 

degree of branching. Values for 1"1: are calculated by using the Randic algorithm 

which is described in Kier and Hall [15]. The second is total molecular surface 

area (TSA) (the sum of individual atoms or group surface area contributions), 

which represents the maximum amount of contact that a molecule can have with 

its surrounding environment. The third is van der Waals volume (VWV) 

(calculated from the van der Waals radii of the atoms of which the molecule is 

composed), which is another measure of the size of a molecule. Values for TSA, 

VWV, and 1~( of all compounds used in the experiments are reported in Table 2. 

Results and Discussion 

Transport and Sorption Data: 

The breakthrough curve for pentafluorobenzoate was symmetrical, whereas 

those for the sorbing solutes were asymmetrical and exhibited some degree of 

"tailing", or delayed approach to CICo = 1 or O. This behavior suggests that the 

nonequilibrium is caused by a sorption-related rather than a transport-related 

mechanism [4,7]. Representative breakthrough curves for transport of organic 

compounds in the two soils are shown in Figure 1. Note that while only the 

frontal curves are presented for illustration and comparison, the sorption 

parameters are obtained from analysis of the complete breakthrough curves. 
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Examples of the simulations produced with the bicontinuum model are presented 

in Figure 2. The optimized simulations closely match the experimental results, 

confirming that the bicontinuum model describes quite well sorption and transport 

in the miscible displacement experiments. Values for F and 10. obtained from 

optimization of the breakthrough curves are reported in Table 3. 

The relationship between sorption kinetics and equilibrium sorption has 

been quantified by Brusseau and Rao [20], who analyzed literature data using the 

linear free energy relationship (LFER) approach. The functionality has since been 

substantiated by experiments [6,7]. A plot of the reverse rate coefficient (10.) 

versus the equilibrium sorption coefficient (~) is provided in Figure 3 for the 

Borden and Mt. Lemmon soils. The geometric mean functional (GMF) regression 

method discussed by Halfon [21] was employed to obtain the regression equation. 

This analytical procedure accounts for uncertainty in the independent, as well as 

the dependent, variable. Since both 10. and ~ have associated error, it is more 

appropriate to use GMF regression method for the kz-~ relationship [20]. 

The inverse nature of the kz-~ relationship presented in Figure 3 suggests 

that a diffusion-limited mechanism is responsible for the observed nonequilibrium. 

Recent research [6-8] has shown that diffusion within the matrix of sorbent 

organic matter, or intraorganic matter diffusion, appears to be responsible for the 

rate-limited sorption of low-polarity organic compounds by nonaggregated 
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sorbents containing moderate levels of organic mallei (e.g., > 0.1%). A model 

that interprets rate-limited sorption in terms of diffusion of sorbate within a 

polymeric structure was presented by Brusseau et a1. [6]. The model relates the 

first-order reverse rate coefficient to a polymer diffusivity as follows: 

~(1-F) = a = aD/12 (7) 

where a is a mass-transfer constant (yl), a is a shape factor for the diffusion 

domain, D is the diffusion coefficient (L y2) in the polymer, and I is the 

characteristic diffusion length (L). The log-log-linear inverse relationship that 

exists between kz and ~ is a reflection of the strong dependency of D on 

molecular size of the sorbate [6]. 

The structure of the diffusing molecule can have a major impact on 

diffusion in polymeric-type materials. Substituted molecules (e.g., benzene with 

various functional groups), for example, have been shown to have smaller D 

values in comparison to unsubstituted molecules. The addition of functional 

groups results in an increased potential for entanglement with the polymer mesh, 

which will constrain diffusion. Quantitative structure-activity relationship analysis 

can be used to examine the influence of solute structure on diffusion-controlled 

processes. 
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QSAR for Equilibrium Sorption: 

The relationships between the equilibrium sorption coefficient (~) and the 

molecular descriptors (TSA, VWV, and IX) are determined by regression. The 

extent of goodness of fit, based on the correlation coefficients in this case, shows 

the following order: IXV> TSA > VWV. The correlations between ~ and lXVor 

VWV for the soils are shown in Figure 4 for illustration. The correlation between 

~ and IXV is quite good (r = 0.94 for Borden soil and 0.93 for Mt. Lemmon soil, 

respectively), considering the fact that several classes of organic compounds were 

used in the study. Conversely, the correlation between ~ and VWV is not as 

good (r = 0.88 for Borden soil and 0.83 for Mt. Lemmon soil, respectively). 

Note that the trend is the same for two soils with quite different amounts of 

organic matter. 

Molecular connectivity describes primarily the size and structure of 

molecules. The first-order molecular connectivity was found to be useful for 

describing the interaction of a variety of major organic contaminants with organic 

matter in soil and sediments [10-12,22]. The index produces more accurate 

estimates of Kac, is easier to use, and is more comprehensive in its coverage of 

structurally diverse organic compounds than other Kac estimation methods [12]. 

Sabljic [11] stated that direct correspondence between molecular structure and the 

molecular connectivity makes it possible to locate structural features responsible 
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for environmental behavior of organic contaminants in the soil and to learn more 

about the underlying mechanism(s) of sorption processes at the molecular level. 

The effect of the molecular configuration of the sorbate on equilibrium 

sorption was probed with several alkylbenzenes. The correlations between the 

equilibrium sorption coefficients and lXV or VWV for six classes of organic 

chemicals are provided in Figure 5 for the Borden soil. The base line for the 

unsubstituted aromatic hydrocarbons (UAH) was established by regression of the 

series: benzene, anthracene, and pyrene. Note the UAH lines in Figure 5 do not 

include the naphthalene data point, which appears to be an outlier. 

The impact of additions of one or two chlorine or methyl groups was 

evaluated by using toluene, m-xylene, and chlorobenzenes. Apparently, the 

addition of small numbers of the functional groups does not result in behavior 

deviating from the UAH line (see Figure 5). The n-alkylbenzene group (and 

trichlorobenzene, biphenyl, 2-chlorobiphenyl) diverges below the line representing 

the UAHs. Similar results were reported previously [8]. The difference in ~ vs. 

l~t and ~ vs. VWV relationship is the extent of separation between the UAH and 

alkylbenzenes groups. The molecular connectivity index appears to account for 

more of the behavior, as quantified by the respective r values in Figure 4. This 

suggests that lXV is a better descriptor for sorption of these compounds. 
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QSAR for Rate-Limited Sorption: 

The mass transfer coefficient (a) is used in the analyses of the rate-limited 

sorption data because the length of the diffusion path is unknown. Since each of 

the two data sets was collected by using one sorbent, the sorbent-related 

parameters (a,l) may be assumed to be constant within each data set. Hence, use 

of a should be equivalent to using the diffusion coefficient (see eq. 7). The use 

of a also allows scaling of diffusion-based data and first-order-based data to a 

common parameter, thus facilitating direct comparison [8]. 

The relationships between the mass transfer coefficient (a) and the 

molecular descriptors (TSA, VWV, and I,() were evaluated by regression 

analysis. The inverse correlations between a and 1"1: or VWV are shown in 

Figure 6. The goodness of fit, based on the correlation coefficients, shows the 

following order: IXV> TSA > VWV, which is the same as that observed for the 

equilibrium sorption coefficient. The correlation between a and IXV is good (r 

= 0.88 for Borden soil and 0.83 for Mt. Lemmon soil), considering the range of 

classes of organic compounds. Conversely, the correlation between a and VWV 

is not as good (r = 0.79 for Borden soil and 0.70 for Mt. Lemmon soil). The 

present QSAR analysis shows that the rate-limited sorption of organic compounds 

by these soils is primarily influenced by the size and structure of the molecule, 

which is best described by the lXv descriptor. 
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The correlations between the mass transfer coefficient a and 1,,£ or VWV 

for six classes of organic chemicals are presented in Figure 7 for the Borden soil. 

Apparently, the addition of small numbers of chlorine or methyl groups does not 

result in behavior deviating from the UAH line. Conversely, the n-alkylbenzene 

group (and trichlorobenzene, biphenyl, 2-chlorobiphenyl) diverges above the line 

representing the UAHs. As for the ~ case, the difference between the a vs. lXV 

and lXV vs. VWV relationships is the extent of separation between the UAH and 

alkylbenzenes groups. Again, IXV appears to be a better descriptor of sorption 

dynamics. 

The results discussed above are comparable to those obtained previously 

[8]. This is illustrated in Figure 8, where the results obtained by Brusseau [8] for 

two soils with moderate organic-matter contents (between 1% and 0.1%) are 

plotted with the results of the present work. The data for the Borden soil are 

approximately grouped with the two literature data sets. Thus, the data for the 

three soils with similar organic-matter contents are grouped separately from the 

data for the soil with a much larger organic-matter content. 

Estimation of Diffusion Path Lengths: 

The length of the diffusion path associated with the observed rate-limited 

sorption behavior can be estimated for the two soils. In this particular case, 
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organic matter appears to be the most likely diffusion medium. Assuming soil 

particle and organic matter densities of 2.5 g/cm3 and 1.0 g/cm3
, respectively, the 

volume ratio between organic matter and soil particles can be calculated for the 

two soils with knowledge of the respective organic matter contents. The thickness 

of a shell of organic matter covering the soil particle (assumed to be spherical) 

can then be calculated based on the estimated effective particle diameter for the 

soil. Based on an effective particle diameter of 100 fJ.m (very fine sand) for Mt. 

Lemmon soil, 1M is calculated to be 11.5 fJ.ID. With an effective particle diameter 

of 600 fJ.m (coarse sand) for Borden soil, IB is calculated to be 1 fJ.m. The IM/lB 

ratio is 11.5 based on these calculations. 

The value for IM/lB calculated above can be compared to a value that can 

be obtained from analysis of the a data reported in Table 3. Assuming that the 

shape factor a and the "polymeric" diffusion coefficient are the same for the same 

sorbate in the two sorbents, eq. 8 can be derived from eq. 7: 

11 log a = log as - log aM = 2 log 1M - 2 log IB (8) 

where subscripts Band M denote Borden and Mt. Lemmon soil, respectively. 

The average IM/lB ratio calculated from the a data reported in Table 3 for six 

sorbates among two soils is 13.5 ± 1.6 (11 log a = 2.26 ± 0.41). This value is 

quite comparable to the ratio determined from the measured soil properties. Of 

course, these results are limited by the validity of the assumptions used. For 



140 

example, we do not expect soil organic matter to be distributed as a continuous 

film on the soil particle. However, it is encouraging that the application of the 

diffusion-based first-order kinetics model provides results that are seemingly 

consistent with measured soil properties. 

Summary and Conclusions 

The QSAR approach was used to investigate the dependency of both 

equilibrium and rate-limited sorption coefficients for low-polarity organic 

compounds on topological descriptors (e.g., lXV, TSA, and VWV) representing 

structural properties of the sorbates. For both equilibrium and rate-limited 

parameters, the first-order valence molecular connectivity IXV is found to be the 

best topological descriptor. Most of the rate-limited sorption behavior can be 

explained by accounting for the size and structure of the solute molecule, as 

indicated by the good correlation between a and IXV
• These results support the 

contention that rate-limited sorption is controlled by a physical diffusion 

mechanism, consistent with the polymer diffusion model. Based on this model, 

the calculated diffusion-length ratios for the Borden and Mt. Lemmon soils, which 

have a large difference in organic matter contents, compare favorably to the 

values determined from the measured rate data. 
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Table 1. Properties of Soils and Columns 

particle size 

distribution (%) orgaruc bulk 

------------------ carbon density porosity 

Soil sand silt clay (%) (glcm3
) (cm3jcm3

) 

Borden 98 1 1 0.29 1.69 0.41 

Mt. Lemmon 60.3 24.0 15.7 12.6 0.81 0.73 

column 

length 

(cm) 

7.0 

5.0 

column 

pore volume 

(ml) 

10.0 

18.4 

~ 
~ 
~ 
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Table 2. Physicochemical Properties of Compounds 
----------------------------------------------------------------------------------------------------
ChemicalB Log Kbow 'Ac Co TSAd VWVe lXV 

(nm) (mgll) (nm2
) (cm3/mol) 

----------------------------------------------------------------------------------------------------
TCE 2.29 225 30 1.11 49.20 2.075 

PCE 2.60 225 30 ·1.28 57.80 2.514 

CB 2.84 261 100 1.27 57.84 2.476 

TCB 4.28 225 s.s.c 1.60 76.80 3.436 

BNZ 2.13 256 100 1.10 48.36 2.000 

NAP 3.35 225 10 1.56 73.96 3.405 

ANT 4.54 FLc S.s. 2.02 99.56 4.809 

PYN 4.88 FL S.s. 2.13 109.04 5.559 

TOL 2.73 261 100 1.27 59.51 2.411 

mXYL 3.13 261 100 1.50 70.66 2.824 

eBNZ 3.15 261 100 1.45 69.74 2.971 

pBNZ 3.69 257 100 1.63 79.97 3.471 

bBNZ 4.26 258 S.s. 1.81 90.20 3.971 

BIP 4.09 250 5 1.82 90.08 4.071 

2PCB 4.51 215 S.s. 1.95 99.56 4.265 

B TCE: trichloroethene, PCE: tetrachloroethene, CB: chlorobenzene, TCB: 1,2,4-
trichlorobenzene, BNZ: benzene, NAP: naphthalene, ANT: anthracene, PYN: 
pyrene, TOL: toluene, mXYL: m-xylene, eBNZ: ethylbenzene, pBENZ: n
propylbenzene, bBNZ: n-butylbenzene, BIP: biphenyl, 2PCB: 2-chlorobiphenyl. 
b from Brusseau [8] and Hanai and Hubert [16]. 
c 'A: the UV wavelength used; FL: measured by flow-through fluorometer; S.S.: 

denotes solution saturated to aqueous solubility limit. 
d from Woodburn et al. [17] and Okouchi et al. [18]. 
e from Hanai and Hubert [16] and Kamlet et al. [19]. 
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Chemical (ml/g) 

TCE 0.011 

PCE 0.053 

CB 0.014 

TCB 0.26 

BNZ 0.011 

NAP 0.049 

ANT 7.46 

PYN 43.5 

k;. 
(lIh) 

68.4 

21.4 

110.2 

11.6 

127.0 

7.57 

0.081 

0.031 

Table 3. Parameter Values for Soil Data 

Borden soil 

F 

0 

0.63 

0 

0.27 

0 

0 

0.26 

0.14 

a 
(lIh) 

68.4 

7.98 

110.2 

8.46 

127.0 

7.57 

0.060 

0.026 

~ 
(ml/g) 

6.33 

22.6 

10.2 

3.10 

377.8 

Mt. Lemmon soil 

k;. 
(lIh) 

1.21 

0.40 

2.95 

3.73 

0.0094 

F 

0.70 

0.72 

0.85 

0.75 

0.15 

a 
(lib) 

0.37 

0.11 

0.43 

0.94 

0.008 

------------------------------------------------------------------------------------------------------------------------------------------------ ~ 
~ 
0\ 
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Chemical (ml/g) 

TOL 0.016 

mXYL 0.049 

eBNZ 0.036 

pBNZ 0.12 

bBNZ 0.61 

BIP 0.33 

2PCB 1.14 

~ 
(lIh) 

71.5 

30.8 

92.6 

15.4 

3.76 

4.19 

3.40 

Table 3. Parameter Values for Soil Data (cont.) 

Borden soil 

F 

0 

0 

0 

0.16 

0.27 

0.55 

0.50 

a 
(lib) 

71.5 

30.8 

92.6 

13.0 

2.76 

1.87 

1.69 

~ 
(ml/g) 

5.62 

Mt. Lemmon soil 

~ 
(lib) 

3.14 

F 

0.72 

a 
(lib) 

0.87 

~ 

~ 
-l 
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Figure 1. Representative BTCs for transport of organic 
compounds in Borden and Mt. Lemmon soil. 
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Figure 2. Representative BTCs (data points) and simulations 

with the bicontinuum models (solid lines) for Borden 
and Mt. Lemmon soil. 
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Abstract 

The purpose of this work is to investigate the transport of rate-limited 

sorbing solutes in a saturated aggregated porous medium. Data obtained from 

miscible displacement experiments are used to examine the capability of the 

multiprocess non-equilibrium (MPNE) model to predict the transport of solutes 

constrained by sorption kinetics and rate-limited mass transfer. The input 

parameters were obtained independently and/or separately, allowing the model to 

be used in a predictive mode. The independent predictions produced with the 

MPNE model provided very good descriptions of the experimental data for 

several organic solutes with different solute structures and sorption kinetics. The 

MPNE model can be used to examine the synergistic effects of multiple 

nonideality factors controlling solute transport. The first-order mass transfer 

coefficient ex decreased with a decrease in the pore-water velocity for tracer and 

sorbing organic compounds. It is necessary, in process-specific analysis, to take 

into account changing input parameters under different experimental conditions. 
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Introduction 

It is possible, under many situations, that more than one factor may 

contribute to nonideal transport of sorbing solutes. Physical non-equilibrium 

(PNE) and sorption non-equilibrium (SNE) have been grouped as the major 

contributions to nonideal transport of solutes at the macroscopic scale (cf. 

Brusseau and Rao, 1990). The impact of structured media on the non-ideal 

transport of solutes has been studied by many researchers (cf., Passioura, 1971; 

van Genuchten and Wierenga, 1977; Rao et aI., 1980b; Nkedi-Kizza et aI., 1983; 

Sudicky et aI., 1985; Southworth et aI., 1987; Herr et aI., 1989; Brusseau, 1993; 

Hu and Brusseau, 1995). Non-ideal transport of non-ionic, low-polarity organic 

compounds caused by rate-limited sorption has also been a focus of recent study 

(Lee et aI., 1988; Brusseau and Rao, 1989; Brusseau et aI., 1991). There are also 

some reports of non-ideal transport of solutes caused by both physical non

equilibrium and sorption non-equilibrium (van Genuchten et aI., 1977; Brusseau 

et aI., 1989; Zurmuhl et aI., 1991; O'Dell et aI., 1992; Veeh et ai., 1994; Gaber 

et aI., 1995). However, there are few reports wherein analysis of non-ideal solute 

transport has been analyzed by accounting for multiprocess non-equilibrium 

(Brusseau, 1991; Brusseau, 1992; Brusseau and Zachara, 1993). 

One of the first models to incorporate multiple sources of nonideality was 

presented by Brusseau et al. (1989). This multi-process non-equilibrium (MPNE) 
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model was intended for analyzing cases where transport was constrained by 

various combinations of non-equilibrium processes. The purpose of this research 

is to investigate the transport of rate-limited sorbing solutes in saturated 

aggregated media. Data obtained from miscible displacement experiments will 

be used to examine the capability of the MPNE model to predict the transport of 

solutes constrained by sorption kinetics and rate-limited mass transfer. The input 

parameters will be obtained separately, allowing the model to be used in a 

predictive mode. 

Materials and Methods 

Materials 

The following analytical-grade chemicals (Aldrich Chemical Co.) were 

used in the experiments: pentafluorobenzoate (PFBA), 2,4-dichlorophenoxyacetic 

acid (2,4-D), trichloroethene (TCE) , chlorobenzene (cBENZ), atrazine (from 

Supelco Inc.), naphthalene, biphenyl, and phenanthrene. 3H20 was purchased 

from New England Nuclear and 14C-Iabeled phenanthrene was purchased from 

Sigma Chemical Co. A soil, synthetic porous spheres, and silica-glass beads were 

used for the experiments. The soil was a sandy loam [sand: 77.7%, silt: 18.1%, 

clay: 4.2%, organic carbon: 1.36%, pH 7.9 as determined by 1:1 soil/water 
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extraction] (Estrella et aI., 1993) and will be referred to as the Yaqui soil. The 

soil was sieved through 2 mm mesh prior to use. 

Experimental Procedures 

System with Sorption Non-equilibrium: 

A preparative chromatography column made of precision-bore stainless 

steel (2.1 cm i.d., and 7.0 cm length, Alltech Associates Inc.) was used in the 

experiments employing homogeneously packed Yaqui soil. The column was 

incrementally packed with dry soil to obtain uniform bulk density. The packed 

column was slowly wetted from the bottom to establish saturation and 

approximately 50 pore volumes of electrolyte solution (0.01 N CaCI~) were 

pumped through the column prior to its use. This system was employed to derive 

the parameters for sorption kinetics of organic compounds in the Yaqui soil. 

System with Physical Non-equilibrium: 

The synthetic aggregated media used in this study consisted of porous 

spheres with radii of 0.55 cm. Details of the technique used to prepare the water

stable spheres from kaolinite clay suspension were described by Rao et al. 

(1980a). The average porosity of these spheres is 0.36 cm3jcm3
• The porous 

spheres were saturated with electrolyte solution for several days and were packed 
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into a Plexiglass column (7.6 cm Ld., 15.0 cm length) along with acid-washed 

silica-glass beads (212-300 !-tm diameter, Sigma Chemical Co.). The column was 

packed in incremental steps in the presence of the electrolyte solution to establish 

uniform bulk density. This medium consisted of a distinct bimodal pore-size 

distribution, comprised of microporosity within the porous spheres and 

macroporosity between the spheres. The system was used to examine the 

interactions of solutes with the porous spheres and for evaluating the application 

of the dual-porosity mobile-immobile model. 

System with Both Physical and Sorption Non-equilibrium: 

The same porous spheres was also packed, in a similar manner, with Yaqui 

soil to investigate the transport of rate-limited sorbing solutes in aggregated 

media. By doing so, a system with both physical non-equilibrium and sorption 

non-equilibrium was developed. 

The independently derived input parameters can be used to predict and compare 

the experimental results of solute transport in this system. 

Miscible Displacement 

The apparatus and methods employed for the miscible displacement studies 

were similar to those used previously (Hu and Brusseau, 1995). One single-piston 
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HPLC pump (SSI Model 300 or Gilson Model 305) was connected to the column, 

with a three-way switching valve placed in-line to facilitate switching between 

solutions with and without the solute of interest. The systems were designed so 

that the solute contacted only stainless steel and/or plexiglass. Preliminary results 

showed that interactions of tested organic compounds with the plexiglass column 

(packed with glass beads) were quite small, with retardation factors of 1.05 (~ 

= 0.011 ml/g) for naphathlene and 1.16 (~ = 0.027 ml/g) for biphenyl. The 

interactions are negligible compared to the sorption of organic compounds by the 

Yaqui soil. 

A flow-through, variable-wavelength UV detector (Gilson, Model 115) was 

used to continuously monitor concentrations of solutes in the column effluent. 

Output was recorded on a strip-chart recorder (Fisher, Recordall Series 50(0). 

For experiments with the slow pore-water velocity and for those in which 3H20 

was used, effluent fractions were collected with an automated fraction collector 

(Pharmacia RediFrac). Concentrations of PFBA, 2,4-D, or atrazine were 

determined by analysis with a UV -VIS spectrophotometer (Hitachi Model U20(0). 

The activities of 3H20 in the effluent samples were analyzed by radioassay using 

liquid scintillation counting (Packard Tri-Carb Liquid Scintillation Analyzer, 

Model 1600TR). 
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The initial concentrations of solutes used in the experiments are 100 mgIL 

(PFBA), 10 mgIL (2,4-D), 30 mgIL (TeE), 100 mgIL (cBENZ), 5 mgIL 

(atrazine), 10 mgIL (naphathlene), 5 mgIL (biphenyl), and reported solubility 

solution (phenanthrene). Specific activity of tritium and phenanthrene in the 

displacing solution was 2.5 nei/ml and 3.0 nei/ml, respectively. 

Flow rates of 0.35 or 0.03 ml/min were used for the experiments with 

stainless steel column wherein sorption kinetics were examined. Flow rates of 

about 4.0 or 0.35 ml/min were used for the larger plexiglass columns. They yield 

pore-water velocities of approximately 15 and 1 cm/h for all systems. 

Data Analysis 

The MPNE model was designed to simulate solute transport in porous 

media where both transport-related and sorption-related non-equilibrium processes 

are operative. Model formulation and conceptualization, governing equations, and 

derivation of input parameter, for the MPNE model are reported in the paper of 

Brusseau et al. (1989). The optimization program for MPNE was from Jessup et 

al. (1989). 

In the MPNE model, the two-domain (mobile-immobile or advective

nonadvective) approach is used to represent heterogeneity. The rate-limiting 

processes causing physical non-equilibrium are modeled with the first-order mass 
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transfer approach. The MPNE model represents sorption dynamics by two 

serially (or parallel) arranged bicontinuum coupled in parallel. Sorption is 

represented by the two-site approach, as being essentially instantaneous for a 

portion of the sorbent and rate-limited for the remainder. 

In the system with only physical non-equilibrium, the non-equilibrium 

parameters (13, 00) were optimized by using CFITIM3 (van Genuchten, 1981), a 

non-linear, least squares optimization program. In the system with only sorption 

non-equilibrium, the non-equilibrium parameters (13, 00) were optimized by using 

FITNLNE program (Jessup et aI., 1989), which includes nonlinear sorption. 

Results and Discussion 

Transport in the System with Sorption Non-equilibrium 

Pertinent properties of the column and the experimental conditions are 

presented in Table 1. The breakthrough curve for transport of PFBA, a 

nonreactive tracer, in the Yaqui soil column is shown in Fig. 1a. A symmetrical 

breakthrough curve, with minimal early breakthrough and tailing, indicates that 

there is negligible immobile water in the system. The value for the Peclet 

N umber optimized from PFBA (P = 49.1) was used in the optimization for 

transport of other sorbing solutes. 
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Breakthrough curves for transport of 2,4-D, TCE, cBENZ and atrazine are 

presented in Figs. 1-3. The retardation factor R is calculated from moment 

analysis. The input pulse T is measured from the experiment (listed in Table 2). 

Two or three parameters ({3, 00, and n) were optimized, with values for P, R, and 

T fixed. Sorption appeared to be slightly nonlinear (Freundlich exponent n about 

0.86) for 2,4-D in the Yaqui soil under both fast and slow pore-water velocities. 

Another optimization was done by fixing n=1. Comparison of the optimized 

simulations for the non-equilibrium parameters (f3 and (0) shows that there is a 

very minor effect by not considering the nonlinear sorption (Fig. 2). Sorption 

kinetics parameters for solutes, listed in Table 3 from the simulation of linear 

sorption, will be utilized in the MPNE model prediction. There seems to be a 

difference in sorption kinetics parameters for 2,4-D for fast and slow pore-water 

velocity. 

Transport in the System with Physical NOll-equilibrium 

The breakthrough curves obtained for transport of 3H20, PFBA, 2,4-D, and 

atrazine through the aggregated medium column packed with the glass beads are 

presented in Figs. 4-5. The asymmetrical and tailed breakthrough curve for 

PFBA, a nonreactive and nonsorbing solute (with the retardation factor close to 

1), indicates the effect of structured porous medium on solute transport. 
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The preferred method by which to evaluate a model is to compare model 

predictions to experimental data, with all model parameters obtained 

independently. Value for the Peclet Number was based on the results of the 

miscible-displacement experiment for PFBA transport in the column packed with 

glass beads and solid glass spheres (0.5 cm radius). The ratios of the volumes of 

solid spheres to the column volume were the same as the corresponding column 

with porous spheres. This data set was analyzed with the traditional advection

dispersion equation. The optimized value of Peclet Number is 90. Values for R 

are from the moment analysis. Values for ~, calculated from R, for solutes will 

be utilized as the parameter input for MPNE model. 

The retardation factor for 3H20 was about 1.2, suggesting a slight 

interaction in the system. Other studies have also revealed slight retardation of 

3H20 in soil column studies (Wierenga et aI., 1975; van Genuchten and Wierenga, 

1977; Seyfried and Rao, 1987; Gaber et aI., 1995). The retardation has been 

postulated to occur via hydroxyl exchange on clay lattices. 

For the dual-porosity model, the 13 term [13 = (ea+p~)/(e+p~)] represents 

the fraction of the solute retention that occurs "instantaneously". Note that 13 = 

cjJ/R when f [the fraction of sorbent associated with the advective domain (glass 

beads in this case)] is O. It is expected that solute retardation in this system is 

mostly related to the porous spheres. Values of 13 estimated by this manner were 
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listed in Table 4. 

The first-order mass transfer coefficient (a) can be related to the aqueous 

diffusion coefficient of a solute by employing an equation of the following form 

(cf., van Genuchten, 1985; Parker and Valocchi, 1986): 

u - (1) 

Values for the pertinent properties of the experimental systems (shape 

factor a, characteristic length 1, Sn' v) were presented in Table 1. A value of 2 

was used for the tortuosity factor 1: in the non-advective domain. The equation 

was used to estimate values for a, which were used as input to calculate values 

for 00. 

The optimization was done by using program CFITIM3. Values for Rand 

P were fixed at independently determined values, leaving 13 and w as the two 

parameters that were optimized. The predicted values for f3 and 00 were compared 

to optimized values obtained from curve fitting (Table 4). The optimized 

simulations produced with the first-order, dual-porosity model provided good fits 

to the data. Also, the predictions derived from the independently determined 

values for P, R, 13, and 00 matched the experimental data quite well (see Figs. 4-5). 

Similarly, the predicted values for 13 and 00 are quite comparable to optimized 

values (Table 4). This confirms the work of Hu and Brusseau (1995) that the 
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first-order, dual-porosity model can be used to approximate solute transport in the 

aggregated medium evaluated herein. 

Transport in the System with both Physical and Sorption Non-equilibrium 

The asymmetrical and tailed breakthrough curve for transport of 3H20 and 

PFBA in the column packed with porous spheres and Yaqui soil, indicates the 

effect of soil structure on solute transport. It is expected that this effect will also 

influence the transport of sorbing solutes in the system. 

For transport of PFBA and 3H20, the dual-porosity model was appropriate 

and has predicted the breakthrough curves quite well (Fig. 6), similar to the 

column packed with porous spheres and glass beads. On the contrary, predictions 

accounting for PNE or SNE alone could not reproduce the experimental for the 

sorbing solutes (Fig. 7). The nonideal transport of these sorbing solutes in the 

heterogeneous medium is caused by the synergistic contributions from PNE and 

SNE. The MPNE model, with the incorporation of both PNE and SNE, will be 

suitable for these cases. 

Independently determined parameters for MPNE-model predictions are 

presented in Table 5. The Peelet number (13.8) for the column was obtained 

from the fit of the dual-porosity model to the breakthrough curve of PFBA (exp. 

no. C-3). This Peelet Number is used for all other data sets in this column. 
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Solute diffusion coefficients in water (Do) were estimated by use of the Hayduk 

and Laudie approach (Tucker and Nelken, 1982). Values of a were calculated 

from Equation 1 which relates a with the aqueous diffusion coefficient. Values 

of 0) can thus be calculated as the input from a values. Discussion in the previous 

section has shown this approach works quite well for the system examined herein. 

The mass fraction of sorbent comprising the advective region [e.g., mass 

ratio of Yaqui soil/(Yaqui soil + aggregates)], f, is 0.517 for this column. The f 

value is one of the most difficult, and yet important, parameters to be obtained 

independently. Fa (FJ is the fraction of sorbent in the advective (non-advective) 

region for which sorption is instantaneous, Ka (KJ is the equilibrium sorption 

constant for the advective (non-advective) region, and ka2 (kn2) is the first-order 

desorption rate constant for the advective (non-advective) region, respectively. 

Values of Ka, Fn, and, ~2 for the Yaqui soil are listed in Table 3. 

Values of Ka for the sorbing solutes, except for chlorobenzene, were 

calculated from the column packed with porous spheres and glass beads. Ka for 

chlorobenzene is assumed to be 0.036 ml/g, similar to that for 2,4-D, TCE and 

atrazine. F n is assumed to be 1. Considering the small interactions (R < 1.2) and 

the system herein (interactions of low-polarity organic compounds with aggregates 

made from kaolinite clay suspension), the assumption of instantaneous, linear, and 

reversible sorption should most likely be valid. With these assumptions, kn2 will 
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be zero. The global equilibrium sorption constant ~. (= tKa + (l-f)Ku) and 

global retardation factor R· are listed in Table 5. The R· values are in good 

agreement with the experimental values from moment analysis (presented Table 

2). 

From the above inputs, the non-dimensional parameters (131' 132' 133' 134' kOa, 

kO J required for the MPNE model can be calculated. Independent predictions for 

the sorbing solutes by using MPNE are shown in Figs. 7-8. Inspection revealed 

that the prediction did match the experimental data quite well. This is quite 

encouraging considering that all input parameters for the predictions are obtained 

independently. It also demonstrates that MPNE model fully represents the 

processes controlling the transport of rate-limiting sorbing solutes in the 

aggregated system. Furthermore, it seems that the first-order bicontinuum 

approach can be used to represent diffusive mass transfer processes for both SNE 

and PNE in the system. 

The 13 terms represent the amount of retardation associated with each of the 

four sorptive domains. For this system, more than 80% (i.e., 131 + (32) of 

retardation is associated with the Yaqui soil for sorbing solutes, which is 

expected. The relative importance of the factors contributing to non-equilibrium 

can be evaluated by comparing the magnitudes of the respective Damkohler 

numbers (Brusseau et aI., 1989). Based on Fig. 7a and 7b, it appears that PNE 
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and SNE provide a somewhat similar contribution to non-equilibrium transport for 

2,4-D, while SNE comprises of the major contribution to nonideality of atrazine. 

The figure shows that the synergistic effect of multiple nonideality factors will 

impact solute transport. 

Since diffusive mass transfer is a rate-limited process, residence time is 

expected to affect non-ideality. Figure 9 shows the transport of 3H20 and PFBA 

at slow pore-water velocity (va = 1.53 cm/h), in comparison to that at fast velocity 

(va = 19.4 cm/h) (shown in Fig. 6). Independent predictions, by similar approach, 

for the slow velocity significantly underestimate the non-ideality of breakthrough 

curves, while optimized simulations based on the dual-porosity model simulates 

the experimental data well. Correspondingly, there is a difference between the 

predicted a. values (based on the assumption of being constant with pore-water 

velocity) and the optimized a. values (see Table 5). These differences are 7.3 (for 

3H20) and 5.5 (for PFBA). Thus, a. is seen to decrease with a decrease in the 

pore-water velocity, which has been shown by others (van Genuchten and 

Wierenga, 1977; Rao et aI., 1980b; Nkedi-Kizza et aI., 1983; Herr et ai., 1989; 

Brusseau, 1991). Assuming a linear relationship between a and velocity, the 

slope will be 0.40±0.02 (for 3H20, n=3) and 0.56 (for PFBA). The 3H20 value 

is quite comparable to the value of 0.4 published by Herr et al. (1989). The 
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implication of decreasing a with the decreasing velocity to solute transport needs 

further investigation. 

Figure 10 shows the predictions by MPNE for 2,4-D transport at slow 

pore-water velocity under three scenarios. One simulation is by employing the 

sorption kinetics parameters from the fast velocity while considering the decreased 

a value due to the velocity difference. Another simulation is from the assumption 

of a constant a (a=2.98), with the sorption kinetics from the similar velocity. The 

best match seems to be obtained by assuming decreasing a with the decreasing 

pore-water velocity (a=0.436), along with the sorption kinetics from the 

experiment under the similar slow pore-water velocity. Here it is assumed that 

for 2,4-D the decreasing a is similar to that for PFBA. The values of a and ware 

listed in Table 5. From this illustration, it seems necessary to use independently 

determined parameters under similar experimental conditions when testing models. 

Conclusions 

This work is to investigate the transport of rate-limited sorbing solutes in 

a saturated aggregated porous medium. The input parameters were obtained 

independently and/or separately, allowing the model to be used in a predictive 

mode. The independent predictions produced with the MPNE model provided 

very good descriptions of solute transport constrained by sorption kinetics and 
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rate-limited mass transfer. MPNE model can be used to examine the synergistic 

effect of multiple nonideality factors affecting solute transport. 

First-order mass transfer coefficient ex decreased with a decrease in the 

pore-water velocity. The implication of non-constant ex to solute transport needs 

further investigation. An example of using MPNE to predict 2,4-0 transport 

under different pore-water velocity showed it is necessary, in process-specific 

analysis, to take into account changing parameters under different experimental 

conditions. 
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Table 1. Properties of the Packed Columns and Selected Parameter Values 

Porous Media 

Homogeneous media: 

Yaqui soil 

Aggregated media: 

Porous spheres in 
glass beads 

. Aggregated media: 

Porous spheres in 
Yaqui soil 

Column 

Stainless steel 

Plexiglass 

Plexiglass 

No. L p To S Sa Sn <P a 

A 7.0 1.65 9.07 0.367 0.367 1.0 

B 15.0 1.65 263.4 0.387 0.246 0.141 0.636 15 

c 15.0 1.48 301.3 0.443 0.300 0.143 0.677 15 

1 

0.55 

0.55 

L is column length (cm); p is bulk density (glcm3
); To is column pore volume (cm3

); S is fractional pore-water content 

(a, n denoting advective and non-advective, respectively); <p = SiS; a is shape factor; 1 is characteristic length (cm). 

~ 
-....l 
-....l 



Table 2. Conditions of the Experimental Systems and Selected Parameter Values 
---------------------------------------------------------------------------------------------------------------------------------------------------
Media Column Exp. no. Solute q v Va 

TO R@ 
---------------------------------------------------------------------------------------------------------------------------------------------------
Homogeneous A A-I PFBA 11.5 31.5 31.5 9.17 0.99 

A A-2 2,4-D 6.46 17.6 17.6 18.49 3.42 

A A-3 TCE 6.53 17.8 17.8 25.21 4.78 

A A-4 cBENZ 6.05 16.5 16.5 9.13 7.27 

A A-5 Atrazine 6.41 17.5 17.5 13.23 9.10 

A A-6 2,4-D 0.514 1.40 1.40 14.36 3.79 

Aggregated B B-1 3H2O 5.73 14.8 23.3 3.37 1.20 

B B-2 PFBA 6.12 15.8 24.9 4.57 1.04 

B B-3 PFBA 4.69 12.1 19.0 2.88 1.03 

B B-4 2,4-D 6.04 15.6 24.6 3.65 1.16 

B B-5 TCE 5.96 15.4 24.2 3.62 1.14 

B B-6 Atrazine 5.13 13.3 20.9 3.10 1.18 

B B-7 Naphthalene 6.02 15.6 24.5 3.97 1.24 

B B-8 Biphenyl 5.67 14.6 23.0 3.49 2.40 

B B-9 Phenanthrene 5.73 14.8 23.3 3.37 10.0 
~ ----------------------------.--------------------------------------------------------------------------------------------------------------------- 'I 
00 



Table 2. Conditions of the Experimental Systems and Selected Parameter Values (cont.) 

--------------------------------------------------------.-----------------------------------------------------------------------------------------
Media Column Exp. no. Solute q v va T' R@ 

---------------------------------------------------------------------------------------------------------------------------------------------------
Aggregated C C-1 3H 0 

2 5.81 13.1 19.4 4.87 1.17 

C C-2 PFBA 5.81 13.1 19.4 4.87 1.07 

C C-3 PFBA 6.74 15.2 22.5 5.50 1.06 

C C-4 2,4-D 5.37 12.1 17.9 5.34 1.93 

C C-5 TCE 7.33 16.5 24.4 9.42 2.73 

C C-6 cBENZ 5.22 11.8 17.4 5.79 3.38 

C C-7 Atrazine 6.14 13.8 20.5 9.15 4.01 

C C-8 3H
2
O 0.458 1.03 1.53 3.35 1.17 

C C-9 PFBA 0.458 1.03 1.53 3.35 1.08 

C C-10 2,4-D 0.433 0.98 1.44 3.48 2.11 
---------------------------------------------------------------------------------------------------------------------------------------------------

• input pulse. @ R is retardation factor from the moment analysis . 
~ 
-...J 
\0 



Table 3. Sorption Kinetics Parameters for Solutes in Yaqui Soil@ 

---------------------------------------------------------------------------------------------------------------------------------------------------
Solute Exp.no f3 ro ~ kz F 

(ml/g) (lib) 
-------.-------------------------------------------------------------------------------------------------------------------------------------------
2,4-D A-2 0.640 0.477 0.537 0.975 0.491 

(0.632-0.648) (0.440-0.514) 

TeE A-3 0.728 0.522 0.841 1.020 0.656 
(0.724-0.732) (0.500-0.544) 

cBENZ A-4 0.779 0.451 1.393 0.661 0.744 
(0.773-0.785) (0.417-0.485) 

Atrazine A-5 0.500 0.563 1.800 0.309 0.438 
(0.492-0.508) (0.529-0.597) 

2,4-D A-6 0.773 0.615 0.619 0.143 0.691 
(0.762-0.784) (0.543-0.687) 

@ f3 and ro presented here are optimized form the fixed Freundlich exponent (n=l). 

~ 
00 
o 



Table 4. Predicted and Optimized PNE Model Parameter Values 
---------------------------------------------------------------------------------------------------------------------------------------------------
Exp. no. Solute f3 (0 a 

-----------------------------.-- ------------------------------- -------------------------------
predicted optimized" predicted optimized" predicted optimized" 

---------------------------------------------------------------------------------------------------------------------------------------------------
B-1 3H2O 0.53 0.58 (0.57-0.59) 0.80 0.63 (0.59-0.67) 0.31 0.24 (0.22-0.26) 

B-2 PFBA 0.61 0.66 (0.65-0.66) 0.24 0.19 (0.17-0.21) 0.10 0.078 (OJ~9-O.~ 

B-3 PFBA 0.62 0.63 (0.63-0.64) 0.31 0.20 (0.18-0.22) 0.10 0.062 (0.056-0.069) 

B-4 2,4-D 0.55 0.62 (0.61-0.62) 0.21 0.18 (0.15-0.20) 0.085 0.072 (OJ~2-O.(m) 

B-5 TCE 0.56 0.59 (0.59-0.60) 0.30 0.22 (0.20-0.24) 0.12 0.087 (0.079-0.095) 

B-6 Atrazine 0.54 0.57 (0.56-0.58) 0.21 0.18 (0.14-0.21) 0.073 0.062 (0.048-0.072) 

B-7 Naphathlene 0.54 0.54 (0.53-0.55) 0.29 0.30 (0.24-0.35) 0.11 0.12 (0.096-0.14) 

C-l 3H2O 0.58 0.58 (0.56-0.59) 0.80 0.53 (0.47-0.59) 0.31 0.20 (0.18-0.23) 

C-2 PFBA 0.63 0.57 (0.56-0.58) 0.26 0.33 (0.30-0.36) 0.10 0.13 (0.12-0.14) 

C-8 3H2O 0.58 0.55 (0.53-0.58) 10.2 1.40 (1.24-1.54) 0.31 0.043 (0.038-0.047) 

C-9 PFBA 0.63 0.63 (0.62-0.65) 3.30 0.60 (0.54-0.66) 0.10 0.018 (0.017-0.020) 
--------------------------.------------------------------------------------------------------------------------------------------------------------

" values in parentheses represents 95% confidence intervals. 
I-l 
00 
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Table 5. Independently Determined Parameters for MPNE Model Prediction in Yaqui Soil with Aggregates 

---------------------------------------------------------------------------------------------------------------------------------------------------
H20 PFBA 24-D , TCE cBENZ Atrazine H20 PFBA 2,4-D 

---------------------------------------------------------------------------------------------------------------------------------------------------
Exp. no. C-1 C-2 C-4 C-5 C-6 C-7 C-8 C-9 C-10 

Do (cm21b) 0.088 0.028 0.024 0.035 0.033 0.021 0.088 0.028 0.024 

a (lib) 0.311 0.101 0.086 0.123 0.117 0.074 0.311 0.101 0.086/0.0126 

(0 0.804 0.260 0.241 0.252 0.336 0.182 10.2 3.30 2.98/0.436 

P 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 

f 0.517 0.517 0.517 0.517 0.517 0.517 0.517 0.517 0.517 

Ku (ml/g) 0.043 0 0.035 0.030 0.036 0.038 0.043 0 0.035 

Fn 1 1 1 1 1 1 1 1 1 

~ (lib) 0 0 0 0 0 0 0 0 0 

~. 0.021 0 0.295 0.449 0.738 0.949 0.021 0 0.358 

-----------------.---------------------------------------------------------------------------------------------------------------------------------

~ 
00 
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Table 5. Independently Determined Parameters for MPNE Model Prediction in Yaqui Soil with Aggregates 
(cont.) 

---------------------------------------------------------------------------------------------------------------------------------------------------
H2O PFBA 2,4-0 TCE cBENZ Atrazine H2O PFBA 2,4-0 

---------------------------------------------------------------------------------------------------------------------------------------------------
Exp. no. C-I C-2 C-4 C-5 C-6 C-7 C-8 C-9 C-10 

RO 1.07 1 1.98 2.50 3.47 4.17 1.07 1 2.13 

(31 0.633 0.677 0.571 0.652 0.712 0.489 0.633 0.677 0.667 

(32 0 0 0.238 0.200 0.178 0.419 0 0 0.155 

(33 0.367 0.323 0.191 0.148 0.110 0.092 0.367 0.323 0.178 

(34 0 0 0 0 0 0 0 0 0 

kO 
a 0 0 0.570 0.462 0.518 0.585 0 0 0.723 

kO 
D 0 0 0 0 0 0 0 0 0 

..... 
00 
W 



Figure 1. A. BTe for transport of PFBA through the Yaqui soil 
column. B. BTe ( data points) for transport of TeE and simulations 
produced with the bicontinuum model (line) in Yaqui soil. 
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Figure 2. BTCs ( data points) for transport of 2,4-D at fast pore
water velocity (A) and slow pore-water velocity (B) and simulations 
produced with the bicontinuum model (line) in Yaqui soil. 



186 

1 ----------------------------------~ 

0.8 r-

c,cfJJf{ 
~ . I . 
~ \ 
: ~ 
~ , 

0.6 ~ ~ i 
~ , : 

O 
: cb c» • 
: , 

E= 0.4 r- ~ ~ 
<C . \ 
~ ; \> 
~02- f ~~ 
Z· ~ \.b. 

Yaqui Soil 
Chlorobenzene (A-4) 
o Experimental Data 
.- Simulation: SNE 

A B 0 j, , ~"eoGo.Q.Gl..c>.~_ •• 

~ 0 10 20 30 - 40 50 o 1~------------------------------~ 
U 

~0.8 - Ooo~ .. o ,,' 0\ 
o " : 

Yaqui Soil 
Atrazine (A-5) ...... Q .,;' \ 

,v 0:, 
~' . ~ 

~0.6 ~ f; J 
o Experimental Data 
.- Simulation: SNE 

~ 
I , 
P : . & 
~ : . \> 
I \.0 

0.4 ~ 

j \.(2 
0.2'" , .,,~ 

• o"~ B ; 0 0 ........... d 00 ...... 
1 00·0'!.l..,-.,. 
~ vv~~o o _.,:,; I I I 

o 10 20 30 

PORE VOLUMES 
40 
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Figure 4. Experimental data, predicted and optimized simulations 
produced with the first-order, dual-porosity model for transport of 
tritiated water (A) and PFBA (B) in the aggregated medium. 
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produced with the first-order, dual-porosity model for transport of 
2,4-D (A) and atrazine (B) in the aggregated medium. 
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Figure 6. Experimental data, predicted and optimized simulations 
produced with the first-order, dual-porosity model for transport of 
tritiated water (A) and PFBA (B) under fast pore-water velocity. 
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Figure 7. Experimental data, prediction produced with the MPNE 
model, PNE or SNE model for transport of 2,4-D (A) and atrazine 
(B) in the column packed with the porous spheres and Yaqui soil. 
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Figure 8. Experimental data, prediction produced with the MPNE 
model for transport of TeE (A) and chlorobenzene (B) in the 
column packed with the porous spheres and Yaqui soil. 
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Figure 9. Experimental data, predicted and optimized simulations 
produced with the first-order, dual-porosity model for transport of 
tritiated water (A) and PFBA (B) under slow pore-water velocity. 
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Figure 10. Experimental data, prediction produced with the MPNE model for 
transport of2,4-D under slow pore-water velocity in the column packed with 
the porous spheres and Yaqui soil. 
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