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ABSTRACT 

The goal of this dissertation was to examine transport of gas-phase contaminants 

and the processes causing nonideal transport. With one exception, all experimental work 

was performed with synthetic porous media (glass beads). I performed experiments with 

methane, trichloroethene, benzene, and toluene. Transport experiments for gas-phase 

contaminants in dry homogeneous and heterogeneous porous media were performed to 

smdy dispersion of gases during transport. Axial diffusion was found to be a primary 

contributor to dispersion at gas velocities < 20 cm min '. Conversely, mechanical mixing 

was the main contributor to total dispersion at gas velocities > 50 cm min '. Dispersion 

of gas-phase contaminants during transport through dry heterogeneous (macroporous) 

medium was caused by three processes: axial diffusion, which was predominant at gas 

velocity < 20 cm min ' and negligible at gas velocity > 100 cm min"'; mechanical mixing, 

predominant at gas velocities ranging from 30 to 120 cm min '; and diffusion between 

macropore and micropore domains, the main contribution to total dispersion at gas 

velocities above 160 cm min'. The latter process was responsible for rate-limited 

transport of gas-phase contaminants (methane, trichloroethene, benzene) through 

heterogeneous porous medium causing increased dispersion, early breakthrough, and 

tailing of breakthrough curves. 

Transport of gas-phase contaminants through the unsaturated heterogeneous porous 

medium showed a similar trends. The presence of heterogeneity and immobile water 

caused nonequilibrium transport of methane and trichloroethene. Predictions of 
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breakthrough curves, which fit the experimental data well, were estimated independently 

and demonstrated that diffusion between macropore and micropore domains have a more 

pronounced effect on transport nonequilibrium than diffusion in immobile water. 

Retention of gas-phase contaminants in the unsaturated porous media was also 

examined. Solid-phase sorption of gas-phase contaminants was minimal and thus not 

responsible for delay during the transport. The major contribution to total retention was 

due to accumulation at the gas-water interface. For example, 62 - 73% and 30 - 50% 

total trichloroethene mass was retained at the interface during transport through the glass 

beads and aquifer material, respectively. Accumulation of benzene at the interface 

contributed to total benzene retention by 53 - 61% of total mass. 
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CHAPTER I. 

INTRODUCTION 

Research Problem 

The first attempts to remediate soil and groundwater began with the enactment of 

the Comprehensive Environmental Response, Compensation, and Liability Act 

(CERCLA/Superfund) by Congress in 1980. This statute was designed to respond to the 

disposal of hazardous substances by enforcing the cleanup of inactive contaminated sites 

by responsible parties. Consequently, scientific research in the area of remediation has 

experienced a boom. 

Enactment of the Superfiind law was a response to activities such as improper 

waste disposal, leaking underground storage tanks, leaks from disposal facilities and other 

accidents that lead to contamination of the subsurface (soil and groundwater). Migration 

of these contaminants through the subsurface caused contamination of the unsaturated 

zone as well as groundwater. The major objective of the remedial action is to protect 

human health and the environment from the danger posed by hazardous chemicals present 

in the subsurface. The presence of chemicals such as gasoline components, and 

chlorinated solvents can contaminate soil and drinking water supplies. This poses direct 

risk to human health. Contamination of plants and animals causes indirect threat to 

human health. 

Risk posed to human health from environmental contamination is studied through 

toxicological studies of animals and epidemiological studies of humans. While animal 
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studies determine toxicity of contaminants based on high dose exposure, epidemiological 

studies examine the link between exposure to i.e. contaminated drinking water supplies 

and occurrence of disease such as cancer. Although such a determination is difficult and 

often inconsistent, contamination of drinking water supplies has been associated with 

adverse human health effects. A study of rates of leukemia and non-Hodgkin's 

lymphoma in 75 towns in New Jersey showed incidence of all leukemias and NHL in 

women to be associated with trichloroethene contamination of drinking water supplies 

(Cohn et al., 1994). An elevated risk of bladder cancer was associated with contaminant 

levels of tetrachloroethene in municipal drinking water supplies (Ashengrau et al., 1994). 

Aside from cancer, examples of other negative health effects associated with contaminated 

drinking water are neurotoxicity, birth defects, birth malformations, etc.. 

It is quite obvious that improper waste disposal or accidental spills can lead to 

serious human health problems. In order to prevent and/or remedy subsurface 

contamination, new scientific observations and knowledge leading to better understanding 

of contaminant transport and removal from the subsurface is essential. Laboratory 

scientific research is a necessary part of remediation activities. Knowledge of the 

transport and fate of contaminants in soil need to be studied in order to understand the 

remediation process as well as its limitations. Based on results of such research, scientists 

are able to explain phenomena and processes governing transport and removal of 

contaminants from the subsurface. Knowledge from research provides a background for 

the improvement of remediation technologies. 
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Contaminants may enter the subsurface due to leaking underground storage tanks, 

leaks from disposal sites, improper disposal of hazardous waste, accidental spills, or 

disposal of organic liquids immiscible with water. Contaminants present in the subsurface 

are subject to physical, chemical and biological processes that cause spreading and the 

transport of the contaminant to the deeper soil layers, retention of the contaminant on the 

soil surface and contaminant degradation, respectively. If spilled, these compounds can 

be distributed into four phases: gas phase, sorbed phase, aqueous phase, and nonaqueous 

liquid phase (NAPL). 

Contaminants may enter the subsurface as nonaqueous phase liquids (NAPL). We 

distinguish light (LNAPL) and dense (DNAPL) nonaqueous phase liquids which have 

densities lower and higher than water, respectively. Dense nonaqueous phase liquids will 

migrate and sink to deeper subsurface layers and accumulate on the bottom of the aquifer. 

Light nonaqueous phase liquids float on the surface of the water table and cause 

contamination of the capillary fringe due to water table fluctuation. 

From the NAPL phase, contaminants with high aqueous solubility might dissolve 

in moisture or water present in the unsaturated and saturated zone, respectively. These 

contaminants are then present in the aqueous phase as a results of their aqueous solubility. 

Compounds with high vapor pressures such as volatile organic compounds are subject to 

vaporization (mass transfer) from the free or aqueous phase into the gas phase of the 
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unsaturated zone. Some fraction of volatile contaminants are also subject to vaporization 

from thesubsurface and are then no longer present in the porous media. Aside from 

contaminants being present in organic nonaqueous, aqueous, and gas phase, contaminants 

can also sorb to solid surfaces (mineral or organic). The solid phase is another phase 

available for distribution of contaminants. 

Contaminants present in the gas, aqueous, solid, and free phase are then subject 

to physical, chemical and biological processes that affect their movement in the 

subsurface. The physical processes are responsible for advective movement and 

dispersion (spreading) of contaminants in any phase in porous media. The retention 

(sorption) of chemicals on soil particles is a physically or chemically driven process 

between porous media and contaminant from any phase. The biological processes are 

responsible for the degradation of contaminants. 

Removal of Contaminants from the Subsurface 

As described above, several organic chemicals are known or suspected human 

carcinogens and hazardous to human health. Consequently, removal of contaminants from 

the subsurface is necessary for the protection of human health and the environment. One 

of the first remedial technologies used for groundwater cleanup was "pump and treat" 

remediation technology. This technology has been successfully used at many sites to 

control contaminant spreading. However, this technology has not been effective in 
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complete cleanup of contaminated sites. Generally, some fraction of contaminant mass 

is readily removed, while the rest is subject to long-term removal. The removal of 

contaminants with low efficiency produces small concentrations of recovered 

contaminants over long periods of time, known as "tailing". 

The limitations associated with the use of "pump and treat" technology have been 

previously discussed by several scientists (e.g. Keely, 1989; Mackay and Cherry, 1989; 

McDonald and Kavanaugh, 1994). Physical and chemical heterogeneity, slow rate of 

desorption, and the presence of pools or residual phases of NAPLs in porous media are 

major factors constraining efficient use of the "pump and treat" technology. Since the 

geology of the most contaminated sites is quite complex and contamination is aged, most 

of the sites will remain contaminated above drinking water standards even after a very 

long time of operation. Consequently, "pump and treat" technology is characterized by 

prolonged operation and low cost efficiency. 

Contaminants present in the unsaturated zone can be present in the nonaqueous, 

gas, aqueous and solid phase. Since the pools of NAPLs can not be directly removed, 

vaporization of some of these compounds into soil gas can be a more efficient process 

used for the removal of petroleum contaminants from the subsurface. Soil gas is then 

removed and treated on the surface. Pump-and-Treat technology is not suitable for 

contaminant removal from the unsaturated zone because the principle of the technology 

is based on water flushing (extraction). Consequently remediation of petroleum products 
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and other volatile organic compounds from the vadose zone has been achieved by soil 

venting technology since the late 1970s (Glister, W.E., and B.D. Roberts, 1990). 

Soil venting is based on removal of contaminants from the unsaturated zone by 

moving air through the soil pores. The technology is based on the principle of 

reestablishment of equilibrium among sorbed, dissolved, immiscible liquid, and gas 

phases. By inducing the flow of air through the unsaturated zone, the equilibrium among 

the four phases is disturbed, which induces volatilization of a contaminant into the gas 

phase to reestablish equilibrium. Soil gas with vapor phase contaminants is then removed 

from the subsurface via withdrawal wells and then treated. Gas properties such as 

compressibility, low viscosity, and non-zero surface fluxes are the basis for soil venting 

being a more efficient technology compared to "pump-and-treat". The volume of gas 

needs less energy for transport than the same volume of water and air flow rates are much 

greater than those of groundwater, which makes soil venting a more energy and cost 

efficient technology. Accordingly, less time is needed for the removal of contaminants 

by soil venting as opposed to the time needed for contaminant removal by groundwater 

pumping. Another advantage of using soil air for removal of volatile contaminants stands 

in values of diffusion coefficients. Gas-phase diffusion coefficients are 10,000 times 

larger compared to those in water. Thus, use of air for remediation will allow faster 

diffusion during mass transfer processes. This is important because diffusion process 

causes rate limitations during the transport and removal of contaminants. 



20 

Aside from physical advantages of soil venting, the addition of air during soil 

venting can also enhance biological activity of indigenous microorganisms. 

Microorganisms then utilize contaminants present in the subsurface as a substrate 

necessary for their growth and reproduction. Consequently enhancement of indigenous 

microbial activity by induced air flow results in degradation (destruction) of hydrocarbon 

contaminants. The remedial technology utilizing both soil venting and biodegradation of 

contaminants is bioventing. This technology has been used for in-situ remediation and 

is described later section on biological processes. 

Scientific laboratory and field research play a significant role in acquiring new 

facts and information about the capabilities of remedial technologies. Research on the 

transport and removal of gas-phase contaminants from the unsaturated zone became the 

subject of interest of laboratory research only by the late 1980s and especially the 

beginning of the 1990s (Gierke et al., 1990; Gimmi et al., 1993; Brusseau, 1991; 

Mendosa, C.A., and E.O. Frind, 1990). The evaluation of soil venting technology has 

been summarized and reviewed by Hutzler (1989). But research in this area is behind the 

accomplishments and knowledge of research on transport and removal of aqueous phase 

contaminants from the saturated zone. Thus it is necessary to study the transport and 

removal of gas-phase contaminants and processes affecting it in more detail. 

Aside from advantages such as cost and efficiency of soil venting, removal of gas-

phase contaminants from the vadose zone may be limited due to several factors. Physical 

heterogeneity of porous media, sorption heterogeneity, presence of low permeability (clay) 



21 

layers, presence of NAPL phase, and rate-limited sorption are just a few of the 

limitations that can cause delayed transport and removal of contaminants. 

The processes governing transport and removal of gas-phase contaminants from 

unsamrated and dry porous media is the subject of this dissertation. Efficient removal of 

contaminants from the vadose zone is essential for protection of human health and 

environment. Thus I have performed experiments on transport of gas-phase contaminants 

in the vadose zone to investigate the effect of the following: 

physical processes responsible for spreading of gases during transport in 

homogeneous and macroporous media 

physical heterogeneity such as macropores on transport of gas-phase contaminants 

in dry and unsaturated porous media 

gas-pore velocity on contaminant transport 

moisture content on retention and mass transfer of contaminants 
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LITERATURE REVffiW 

Physical Processes Affecting the Movement of Gas-Phase 
Contaminants in the Vadose Zone 

Upon entering the subsurface, contaminants are distributed among organic 

nonaqueous, gas, aqueous, and solid phases. Gas-phase contaminants are transported by 

both convective and diffusive processes. The movement of gases by convection is a 

movement of the bulk air in the vadose zone due to water table fluctuation, barometric 

pressure differences, or In the case of soil venting induced air flow through porous 

medium by a vacuum pump or blower placed on the surface of the soil. During their 

transport, contaminants do not move as a sharp front but are influenced by dispersion that 

causes spreading of the plume in the porous medium. The movement of nonsorbing gas 

in porous media is defined by the advection-dispersion equation: 

(1) 
5j>C2 fix 

where C is concentration of contaminant, D is the dispersion coefficient, v = q/6 is gas 

pore velocity, 9 is air-filled porosity (total porosity in case of dry porous medium). The 

movement of sorbing contaminants that undergo sorption can be defined by a similar 

equation: 
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where R is a retardation factor defined as (l+pb/GKo) in which is bulk density, and Kq 

is partition coefficient between gas and solid phases. Other definitions of retardation 

factors for gas-phase contaminant will be described later. Both equations (1) and (2) 

describe one-dimensional advective dispersive transport of nonreactive and reactive solute, 

respectively, in homogeneous porous medium under a steady state assumption (Freeze, 

R.A., and J.A. Cherry, 1979). The change of concentration of contaminant with time as 

a function of dispersion and advection. The first and second term on the right hand-side 

of (1) and (2) represent dispersion and advection, respectively. The dispersion coefficient 

D in equations (1) and (2) is defined as 

o  ^0 (3)  D- —+av 
T 

where Do is the diffusion coefficient of contaminant in air (cmVs), x is tortuosity and a 

is dispersivity (cm). The first and second term on the right hand side represent the 

contribution of axial diffusion and mechanical mixing, respectively, to total dispersion. 

Axial Diffusion 

Gas diffusion is defined as the movement of gas in the direction of a concentration 

gradient (Weeks et al., 1982; Freeze, R.A., and J.A. Cherry, 1979). Thermal fluctuation 

in soil, wind and evaporative processes from the subsurface can also result in a diffiision 

process. The cause of diffusion processes due to these phenomena are not considered 

important at depths > 1-2 meters (Weeks et al., 1982). Venting of volatile organics from 
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the vadose zone usually occurs at a depth greater than 1 to 2 meters. Thus, evaporative 

processes, wind and thermal fluctuation can be neglected during soil venting operations 

since they do not contribute significantly to gas diffusion during transport and removal. 

The contribution of axial diffusion to total dispersion has been studied mostly for 

aqueous phase solutes. It was stated that axial diffusion is a slow process that contributes 

to the total dispersion only at low pore velocities (Freeze, R.A., and J.A. Cherry, 1979). 

For the transport of aqueous contaminants this process is usually ignored at larger pore 

velocities that are applicable to pump-and-treat removal. However, the process makes a 

significant contribution to the movement of gas-phase contaminants in the vadose zone. 

The diffusion coefficient of gas-phase compounds in air is four orders of magnitude larger 

than the diffusion coefficient of gas in liquid (i.e. Weeks et al., 1982; Freeze, R.A., and 

J.A. Cherry, 1979). Accordingly, diffusion of contaminants in a gas phase (soil air) 

would be expected to be more significant at larger gas pore velocities than at comparable 

pore water velocities. 

The diffusion of gas A into B describes the one-dimensional equation of Fick's 

second law 

„ S'c, 8c, (4) 
,„3 -jrr 



where D^b is a molecular diffusion constant for diffusion of gas A into B (cmVs), is 

the concentration of gas A, x - dimension in the direction of diffusion and t is time (s). 

Equation (4) is valid for the mixing of gases under the assumption of convection absence 

and nonreactivity between gases. The diffusion coefficient (D;vb or Do) can be found 

either as a tabulated value in the Handbook of Physics and Chemistry, measured or 

estimated (i.e. Schwarzenbach et al., 1993) as follows: 

5 . - 0 . 2 6 1 — < 5 »  
® MW (chemi cal) 

Weeks et al. (1982) have developed the equation for cal'^S'25* '^R+'^\of the 

diffusion coefficient for nonpolar gases: 

( 6 )  

where Pc is critical pressure for a designated gas (atm), Tc is critical temperature ("K), M 

is molecular weight (g/mol), p stands for prevailing pressure (atm), a = 2.745 x 10"*, T 

is prevailing temperature and b = 1.823. 

Differences in pressure and temperature can be accounted for by the equation: 
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In equation (7) T is the absolute temperature, P is the pressure, y is a constant between 

1.75 and 2.0, subscripts r and s are the reference and the unknown value of T and P, 

respectively. 

Diffusion of gases in porous media is slower than in free air due to an increased 

path length, reduced cross-sectional area, and adsorption on solids (Currie, 1960b; Freeze, 

R.A., and J.A. Cherry, 1979). Thus diffusion in soil depends on the porous medium i.e. 

shape of pore. 

Theoretical estimation of tortuosity and diffusibilitv. In order to estimate diffusion of 

gases in porous media, scientists have studied the relationship between diffusibility (D/D„) 

and porosity (0), where D is the effective diffusion coefficient in porous media. Do is the 

diffusion coefficient of gas in air or other gas carrier. Generally the relationship was 

defined as follows: 

where Q is diffusibility, a is a shape factor or otherwise hypothetical fraction of porous 

medium through which gas moves freely (Marshall, 1959) and is defined as a ' = T, in 

which X is tortuosity. Tortuosity accounts for the shape of pore spaces and thus 

represents the resistance of porous medium to diffusion. The larger value of tortuosity 

represents greater resistance to diffusion and thus lower difftision in porous medium. 
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Buckingham (1904) suggested the empirical relationship between diffiisibility and 

porosity as follows: 

Do 

(where x = 2), for moist and dry soils. Penman (1940) proposed the following correlation 

D (10) 

for the range of porosities between 0 and 0.6. In equation (10) Penman has defined the 

value of T = V2. 

Millington (1959) developed theoretical relationships between D/Do and 0 for both 

dry 

Do 

(11) 
.-04/3 

and moist porous media 

^0 0/ 

(12) 

where 0, and 0t is air-filled and total porosity, respectively. From eq (12) t can be 

defined as 1/0"^ and it is an index of the number of pores per unit length (Millington, 

1959). 
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Another theoretical study of diffusion in porous media has been performed by 

Marshall (1959). He derived a theoretical relationship that applies to both dry and moist 

porous media: 

-£-03/2 
•^0 

These theoretical equations are often used by researchers to estimate diffusion in 

porous media and tortuosity in order to compare experimental results with empirical 

results. However variations between measured and predicted values of diffusion 

coefficient were found to be between 6% and 35% (Peterson et al., 1988). 

Empirical estimation of tortuositv and diffusibilitv. Another source for the estimation of 

diffusion coefficients in porous media are empirical equations derived from experimental 

data. Currie (1960a,1961) obtained the relationship: 

^0 

for dry porous media where y (= 0.81) and p, are shape factors that account for particle 

shape and spatial distribution of particles. The definition of two shape factors was 

necessary to account for the effect of porous material (shape and spatial distribution of 

soil particles) on gas transport. Currie has defined the diffusion coefficient and shape 

factor for several different types of porous materials and concluded that particle shape 

plays an important role in this relationship. It was found that i.e. glass spheres, sand and 
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soil aggregates showed much less variations in pore geometry than i.e. mica or kaolin. 

The author stated that the relationship in equations (11) and (13) are valid only if all 

particles have an equivalent ellipsoidal form, otherwise different shape factors for each 

material must be employed. 

On the other hand diffusion rates of gases in wetted porous material are not 

significantly affected by a shape factor (Currie, 1961). In such a medium the presence 

of liquid film on soil particles alters the pore geometry. The author examined diffusion 

rates in wet unsaturated solid and porous particles. Due to its complexicity the 

relationship between diffusion and moisture content could not be specified. Nevertheless, 

the pore size distribution of the porous media and the continuity of the pores are 

important values to identify in order to evaluate the diffusion rate of gases in porous 

media. 

Grable and Siemer (1968) studied the diffusion rates of O, to the plant roots in 

soil. Their experimental results followed the equation: 

n <15) 
_D .0 3. 36^10 

The soil bulk density and aggregate size had very little effect on O, diffusion directly. 

However both characteristics had a great effect on soil desorption characteristics and on 

the depth of gas (oxygen) diffusion. As shown above, the diffusibility of gas in soil is 

a function of soil porosity. Currie (1960, 1961) added to this function shape factors that 

account for shape and spatial distribution of pores. Other authors used their experimental 
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data to define an empirical relationship between diffusibility and porosity. Tortuosity, 

that represents the restriction of porous media to diffusion, plays an important role in such 

a relationship. 

Van Brakel and Heertjes (1974) examined the diffusibility in homogeneous 

macroporous media in terms of porosity, tortuosity and constrictivity and reported the 

previous statement of D/Do = f(0) as invalid. In their work tortuosity was defined as the 

main (shortest) diffusion path in porous media which accounts for the perpendicular 

direction of flow. In other words, tortuosity accounts only for the main diffusion paths, 

not all of them. Main diffusion paths were defined as the ones not parallel to the 

concentration gradient. 

Constrictivity (5), another parameter defined by the authors, accounts for the 

resistance to diffusion in the direction of transport. By defining a new term of 

constrictivity, authors explained the apparently high values for tortuosity found in 

previous experiments performed by other scientists where tortuosity was a lumped 

parameter. Here, the value of constrictivity (the ratio of the maximum and minimum 

cross-sectional area of the pore segment) was estimated to be 0.75 (minimum value 0.35) 

for homogeneous isotropic packing of round particles. Since the matrix factor q was 

defined as 
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it is obvious that tortuosity will still be less than 2 if q is in the range of 10 to 20. This 

value of tortuosity could not be explained previously. Comparison of general relationship 

(17) 
D ^ 
Do' ̂ 

and the equation of van Brakel and Heertjes (1974) 

D 06 (18) 
Do' 

shows that by accounting separately for the main diffusion paths and for cross-sectional 

area of porous media, the tortuosity factor does not exhibit a large value of the lumped 

parameter. Nevertheless, the measurement of constrictivity (using mercury porosimetry) 

necessary to estimate the contribution of the axial diffusion to contaminant transport in 

the field or even laboratory transport experiments is quite an inconvenient and time 

consuming process. In such cases the lumped tortuosity factor is sufficient for the 

transport experiments. 

The effect of heterogeneity and moisture content on diffusion coefficients was also 

studied in the research of van Brakel and Heertjes (1974). The effect of heterogeneity 

on diffusibility Q was found negligible. The effect of moisture content was studied in 

terms of pendular (isolated pockets of water due to drainage) and funicular (continuous 

film) liquid. In the case of pendular liquid, it was found that tortuosity did not change 

while constrictivity was changing linearly with increasing moisture content. For the 
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funicular liquid state the tortuosity was found to increase in value with increasing 

moisture content, but the value was strongly dependent on the "history" of the liquid. 

This research seemed to evaluate the restriction of porous media to gaseous 

diffusion in great detail. However, this approach does not seem to be very practical for 

transport studies due to many new unknowns that have to be estimated independently and 

thus make evaluation of the axial diffusion even more complicated. 

The question of soil moisture content has been examined by various authors (i.e. 

van Brakel, J., and P.M. Heertjes, 1974; Currie 1961; Grable, A.R., and E.G. Siemer, 

1968; Millington, R.J., and R.C. Shearer, 1971; Weeks et al., 1982). The presence of soil 

moisture content decreases the cross-sectional area and length of the paths, thus 

decreasing air-filled porosity which determines gaseous diffusion in unsaturated soils. 

Since small pores of e.g. clay layers can become saturated diffusion of gas in water 

saturated pores would be much slower (lO"" times) and the diffusion coefficient would 

coincide with the diffusion coefficient of a gas in liquid. To account for the differences 

in water configuration (pores blocked and unblocked by moisture), pore filling sequence 

and pore size distribution (PSD), Nielson et al. (1984) developed a pore combination 

model to determine the diffusion coefficient of Radon (Rn) in soils. This model allows 

prediction of the diffusion coefficient of each pore size increment with variability of air 

and moisture content and tortuosity. For the calculations of tortuosity, authors used the 

equation 
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(19) 

X- [1+0.61(1-6 J  2/3]  - ( I -GSD/22)  

where 0^ is total porosity of soil and GSD is a geometrical standard deviation of pore size 

distribution. 

The results of the hypothetical situation were analyzed by the model. The authors 

found that at the same moisture content the Rn diffusion coefficient decreases with a 

decreasing average radius of pore and with increasing width of PSD. For example, the 

gas diffusion coefficient in soil with wide PSD would vary by 2 orders of magnitude as 

opposed to soil with narrow PSD, in which the diffusion coefficient of gas does not vary 

considerably throughout the profile. 

Karimi et al. (1987) studied the diffusion of benzene in soil as a movement of 

hazardous chemicals in soil due to leaks from hazardous waste sites, landfills or due to 

spills. The apparent diffusion coefficient was calculated using the equation of Millington 

and Quirk (1961) 

0  ( 2 0 )  

where D^ is an apparent steady-state diffusion coefficient, 0, is air-filled porosity and 0^ 

is total porosity of porous media. The effect of bulk density, water content and air-filled 

porosity on benzene diffusion rates was studied. Both soil bulk density and water content 

are parameters that determine air-filled porosity. However they were found not to have 
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an adverse effect on gas diffusion in soil. Increase in their values caused a decrease in 

air-filled porosity and consequently a decrease in diffusion rates. 

Lai et al. (1976) and Washington et al. (1994) performed measurements of gas 

diffusion in the field to determine whether equations and models used for estimation of 

diffusion coefficients in laboratory soil columns are applicable and can be used for 

determination of diffusion rates in-situ. The first group performed measurements of 

oxygen diffusion. One of their objectives was to determine the relationship of D/Dq vs. 

porosity for heterogeneous porous media such as in the field. Their field experimental 

data followed the relationship: 

_D .0 5/3 (21) 

The presence of cracks, and large voids in the soil structure caused greater diffusion while 

the presence of water, causing pore discontinuity, resulted in smaller diffusion rates. 

Washington et al. (1994) performed measurements of Radon diffusion coefficient 

in-situ. A finite difference model that assumes equilibrium distribution of Rn between 

soil, water, and gas was used for calculations. The objective of the research was to 

determine a relationship between soil gas permeability and diffusion coefficients. The 

data followed the relationship 

( 22 )  
logiJj, g.-2 .47+0.53logic-logAfy°-^ 
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where k is soil permeability measured in situ and M, is the molecular weight of the 

component. The authors concluded that more coarse soils had generally greater values 

for both diffusion coefficient and permeability than did more finely textured soils in their 

study. 

Diffusion in heterogeneous (aggregated) porous media. It is known that fine aggregates 

or compact soil retain soil moisture for longer periods of time. Consequently air-filled 

porosity, a major factor responsible for gaseous diffusion, is much lower in such soils. 

The effect of aggregated porous media on diffusion was studied in more detail by 

Millington and Shearer (1971). They developed a model for calculations of diffusion 

coefficients for dry, partially saturated, and saturated porous media. Validation of the 

model was performed by using the experimental data of Currie (1960, 1961). 

Aggregation of porous material was found to cause restriction to the flow of fluid. The 

air-filled porosity available for diffusion was affected by the pattern of drainage of 

aggregates (inter- vs. intraaggregate pores). 

Several scientists have studied the diffusion rate of gases in aggregated or 

macroporous media (Currie, 1960, 1961; Grable and Siemer 1968; Millington and Shearer 

1971; van Brakel and Heertjes 1974). In summary some conclusions can be drawn with 

respect to diffusion in aggregated media. The presence of cracks, holes, and similar 

structures in soil exhibits greater diffusion of gases due to less resistance of the diffusion 

path to contaminant transport. Thus the layers with low permeability will pose higher 
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resistance to the movement and contaminant will move either by low-flow advection or 

by diffusion. 

With the addition of moisture to soil the situation becomes more complex. In the 

case of aggregates it depends whether the micropores (intra-aggregate pores) are 

completely water saturated or not. In water saturated micropores diffusion becomes very 

low (10'* times slower than in gas) due to differences of gas and liquid diffusion 

coefficient (i.e. Weeks, 1982). The presence of soil moisture content itself decreases the 

diffusion of gases due to changes in pore geometry caused by moisture (Currie, 1961) or 

due to discontinuity of the pores (Millington and Shearer, 1971). In the first case the 

average radius of pore changed and thus air-filled porosity decreased. In the latter case 

some pores were discontinued by the water presence thus creating dead-end pores that 

negatively effect gaseous diffusion. Continuity of pores is very important for gaseous 

diffusion to occur (Weeks, 1982; van Brakel and Heertjes, 1974). 

The pattern and history of aggregate drainage was also suggested to play an 

important role in diffiision through aggregates (Millington and Shearer, 1971). 

The importance of gaseous diffusion in aggregated porous media has been shown 

in research by Gierke et al. (1992), Grathwohl and Reinhard (1993), and Conklin et al. 

(1995). Gierke et al. (1992) found diffusion of gases into immobile water contained 

within intraaggregate pores caused nonequilibrium transport of gas-phase contaminants 

in aggregated porous medium. Grathwohl and Reinhard (1993) conducted column 

experiments with aquifer material containing intraparticle porosity. They suggested that 
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intraparticle diffusion of gases in micropores filled with immobile water controlled 

removal of volatile organic compounds in the field. 

Mechanical Mixing. 

As equation (2) shows, mechanical mixing is another component contributing to 

dispersion of a contaminant around a path of average linear velocity. During its transport 

a contaminant spreads in porous media in longitudinal and transverse directions. 

However, dispersion in a transverse direction is much smaller than longitudinal spreading 

and is diffusion-controlled until the flow velocity becomes quite large (Freeze, 1979). 

Longitudinal dispersion was defined by the equation 

where a is dispersivity (cm), which is characteristic of the porous medium and v is pore 

velocity. 

Mechanical mixing becomes the dominant process of total dispersion at large pore 

velocities. Dispersivity a can be determined by transport experiments in laboratory 

columns or by in-situ methods. The larger value of dispersivity of porous medium results 

in a greater mixing of solutes during transport (Freeze, R.A., and J.A. Cherry 1979). 

The dispersion of a contaminant in aqueous solution was studied in laboratory 

column experiments as well as in the field. We can conclude from this research that 

longitudinal dispersion is the dominant process at high velocities and depends on the 
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characteristic porous medium determined by a. The difference of dispersivity values 

between laboratory and field experiments were explained by a scale effect in which 

longimdinal dispersivity increases with scale. (Gelhar et al. (1992)). 

The process of mechanical mixing was not specifically studied for gas transport 

in the unsaturated zone. But since mechanical mixing is a function of porous media (and 

not properties of gases vs. liquids as in the case of diffusion coefficients), the results from 

experiments performed in the saturated zone or with aqueous solutes could be applied to 

gas in unsaturated porous media. 

Transport of Gas-Phase Contaminants: Effect of 
Heterogeneity 

Presence of heterogeneity in porous media can significantly affect transport of 

contaminants and consequently extend times necessary for removal resulting in higher 

expenses for remediation. Physical limitations may be the result of widely heterogeneous 

porous media, presence of low permeability lenses or physical structures such as 

macropores, cracks, fissures and wormholes. Presence of such structures creates zones 

of high permeability (mobile zone/macropore) through which transport occurs by 

advection. Macropores may include cracks, fissures, and faunal and root pores (Beven 

and Germann, 1982; Skopp, 1981). The rest of the porous media with lower permeability 

serves as a micropore/immobile domain. Transport of contaminants within and in/out of 

micropores is controlled by the diffusion process. This diffusion results in increased total 
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dispersion of contaminants. Total dispersion was earlier defined as a sum of axial 

diffusion and mechanical mixing where the latter is more predominant as velocity 

increases while former is negligible at higher velocities. However, this definition is valid 

only for transport and dispersion of contaminants in homogeneous porous media. The 

diffusion process responsible for mass transfer between zones of different permeability 

additionally contributes to total dispersion (spreading) of contaminants. 

It has been recognized that physical nonideality can significantly affect 

contaminant transport. In his recent review, Brusseau (1994) described the following 

factors to be a cause of nonideal contaminant transport: nonlinear sorption, rate-limited 

sorption/desorption, presence of immiscible liquids, heterogeneity of porous media, and 

spatially variable hydraulic conductivity and sorption. Among these factors, the presence 

of structured or heterogeneous porous media was shown to cause enhanced dispersion, 

early breakthrough, and tailing. The author indicated that gas phase diffusion can be very 

important during soil venting. 

Factors contributing to enhanced dispersion of aqueous-phase contaminants during 

transport in structured porous media were studied by several scientists. Passioura (1971) 

described theoretically mechanical mixing in aggregated porous media. The author 

concluded that viscous flow occurs only in the macropores while movement of solutes 

within the aggregates occurs by diffusion. The dispersion coefficient was shown to be 

dependent on flow velocity and size of aggregates. Dispersion was shown to increase 

with increasing velocity until it reached maximum value. For very high velocity 
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dispersion decreases. Based on this theory, Passioura and Rose (1971) performed 

experiments to investigate the effect of flow velocity and size of aggregates on dispersion 

coefficients and confirmed the theory. 

Several other scientists have examined the effect of factors such as solute size, 

pore water velocity, intraparticle porosity resulting in greater dispersion (spreading) of 

contaminants during aqueous-phase transport (Rose, 1973; Rao et al., 1980; Cala and 

Greenkom, 1986; Roberts et al., 1987; Brusseau, 1993; Hu and Brusseau, 1995). For 

example, in work by Brusseau (1993) the author quantified contributions of axial 

diffusion, mechanical mixing, intraparticle diffusion and liquid-film mass transfer to total 

dispersion of solutes during transport in structured porous media. The author found that 

intraparticle diffusion was the major source of dispersion for transport in the aggregated 

media at pore water velocities greater than 0.5 cm min '. 

Previous Gas-Phase Transport Experiments 

The significance of physical heterogeneity on transport of aqueous-phase 

contaminants has been established. It is expected that transport of gases will be similarly 

affected by physical heterogeneity. The effect of physical heterogeneity on transport of 

gases has been investigated by a few researchers. Kearl et al. (1991) conducted transport 

experiments of 1,1,1-Trichloroethane and a Jet-A fuel (present as a free product at 

residual saturation) in a column packed with layers of sand and silty clay. The moisture 

content of sandy and fine grain unit was 2% and 10% by volume, respectively. The 
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authors performed experiments at high gas velocities in the range of 120 to 540 cm min 

They concluded that diffusion between layers of different permeability controlled transport 

and removal of contaminants at gas velocities greater than 120 cm min '. The authors also 

found that 1,1,1-Trichloroethane was rapidly removed from the sand as opposed to 

removal from silty clay material from which only a portion of the compound was 

removed after extended periods of venting. 

Gierke et al. (1992) studied the influence of "immobile" domains (micropores, 

immobile water) on transport of gases through aggregated unsaturated porous media. The 

authors found that mass transfer across the gas-water and the mobile-immobile water 

interfaces was essentially instantaneous, whereas diffusion of gases in immobile water 

contained within intraaggregate pores caused nonequilibrium transport. 

Gimmi et al. (1993) conducted similar experiments to study the effect of physical 

heterogeneity (synthetic aggregates) on gas transport. The authors concluded that 

transport of gas-phase contaminants in unsaturated, aggregated media with no sorption 

capacity was governed by equilibrium gas-water partitioning. 

The study of heterogeneity on gas transport was focused on presence of aggregates 

in porous material. I studied the effect of macropore on gas-phase transport. As 

mentioned earlier, macropore domain causes advective transport of contaminant while 

microporous domain serves as domain with diffusional mass transport. One of the 

objectives of this work was to examine effects of physical heterogeneity on transport of 

gases. 
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Chemical Processes Affecting Transport of Gas-Phase 
Contaminants in the Vadose Zone 

Chemical interactions between contaminants and soil medium have a significant 

effect on the fate of volatile organic compounds in the vadose zone. The process of 

attraction - sorption - is driven by a hydrophobic effect as well as by partitioning of 

contaminants into three-dimensional soil organic matter. However, any type of sorption 

causes retardation of contaminant transport and removal. Retardation is defined as a ratio 

of pore velocities of conservative to reactive tracer. Lower pore velocity of contaminant 

compared to that of conservative (nonreactive) tracer results in higher value of retardation 

factor and is a results of interactions between porous medium and contaminant. 

As mentioned in the previous paragraph, sorption may be a result of hydrophobic 

effects - adsorption, and by diffusion into organic matter - partitioning. Hydrophobic 

interactions cause disruption of water molecules by hydrophobic surfaces and 

consequently nonpolar or low polarity organic compounds are forced out of solution onto 

less hydrated surfaces. Partitioning into soil organic matter causes retardation of 

contaminants due to their diffusion - partitioning into three dimensional soil organic 

matter. 

Sorption of gas-phase contaminants has been investigated by several scientists (i.e. 

Chiou and Soup, 1985; Peterson et al., 1988; Ong et al., 1992; Ong and Lion, 1991; 

Shimizu et al., 1992). Retardation of gas-phase contaminants in porous media can include 

adsorption on mineral surfaces, partitioning into soil organic matter, dissolution in water, 
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and adsorption on gas-water interfaces (Pennel et al., 1992; Hoff et al., 1993). The 

significance of water content in sorption of organic gases was studied by several 

scientists. Earlier in chromatography studies, Okamura and Sawyer (1973) found that 

retention of alkanes decreased with increasing moisture content. 

Chiou and Shoup (1985) investigated sorption of several organic componds on soil 

under dry and humidified conditions. The authors found that sorption isotherms of all 

compounds on dry soil were highly nonlinear (S-shape) in contrast with linear isotherms 

in aqueous systems. Sorption of gases on dry soil also showed great sorption capacities. 

This high sorption capacity was explained by a strong interaction with the mineral 

surfaces of dry soil. The authors found that the sorption capacity of organic gas-phase 

contaminants decreased with increasing moisture content. Water, due to its high polarity, 

makes a strong competitor and displaces nonionic organic compounds from soil minerals. 

This results in reduced uptake of organic vapors with increasing relative humidity (RH) 

and changes the shape of the isotherm. The authors concluded that high capacity 

(nonlinear isotherm) vapor sorption occurs on mineral surfaces of dry soils or at 

subsaturation humidities. Conversely, sorption isotherms become practically linear at RH 

> 50% . Water reduces adsorption of gases onto mineral surfaces and partitioning of gas-

phase contaminants into soil organic matter becomes a controlling factor. 

Similar results were found by other authors (Peterson et al., 1988; Koo et al., 

1990; Ong and Lion, 1991; Shimizu et al., 1992). Peterson et al. (1988) investigated 

sorption of trichloroethylene on dry, unsaturated, and saturated synthetic aquifer material. 



Authors reported that partition coefficients of TCE sorption under unsaturated conditions 

were one to four orders of magnitude greater than the value for the saturated media. 

They concluded that use of saturated partition coefficients in unsaturated models can 

underestimate the amount of sorption and overestimate the rate and volume of moving 

material. Corresponding results were also reported by Yaron et al. (1989) who found that 

an increase in humidity led to a decrease of adsorption capacities of soils. 

Koo et al. (1990) examined the effects of moisture content and temperature on 

vapor phase sorption. Again a decreased value of partitioning coefficient (Kq') was 

observed with increasing moisture content while sorption capacity was much higher for 

dry than for wet porous media. The results showed that vapor partition coefficients 

decreased very rapidly as moisture content increased from 0% to critical water content. 

These values differed with the type of porous media (sand vs. silty clay) and type of 

contaminant (dichloroethene vs. trichloroethene). Nevertheless, vapor sorption partition 

coefficients remained the same at water contents above critical, which did not exceed I % 

in all but one case. 

The authors also investigated the effect of temperature on vapor partition 

coefficient. They found that the temperature and two phase partition coefficients (water-

soil, water-air, soil-air) were inversely proportional. The temperature change had the 

greatest effect on the soil-air partition coefficient, which was greatly decreased with small 

increases in temperature. This suggests that effects of temperature are more pronounced 

at lower moisture contents. 



Ong and Lion (1991) investigated the mechanisms of trichloroethylene sorption 

on soil minerals. The authors found that surface area was a controlling factor for the 

estimation of vapor phase sorption on oven-dried materials and materials with one 

monolayer of moisture. As moisture content was increased to five monolayers, the 

sorption on soil surfaces and dissolution into water became important. In this region of 

about 5 monolayers of moisture, vapor phase sorption was decreasing but was still higher 

than sorption of vapors on surfaces with more than five monolayers of moisture. When 

moisture exceeded five monolayers, the sorption of gaseous trichloroethylene was 

dominated by dissolution into soil water and greatly decreased compared to sorption on 

oven-dried soil. Thus, dissolution of TCE into moisture was significant and controlled 

by Henry's law at moisture content higher than five monolayers. 

The authors concluded that for unsaturated soils in temperate and humid regions 

the sorption of TCE would be affected by Henry's law while its sorption in soils of arid 

and semiarid regions with low moisture content would be much stronger and not governed 

by Henry's law. Additionally, the soils of arid regions would serve as a reservoir for 

sorption of volatile organic compounds which could cause problems in remediation. 

Shimizu et al. (1992) examined vapor phase sorption of trichloroethylene on six 

different natural porous media under moisture content from 0% (oven dried) to 11.1%. 

The authors found that the vapor phase partition coefficient (K^) was one to four orders 

of magnitude greater than the aqueous phase partition coefficient (K^) on the same porous 

media. The correlation between the organic matter content of the soil and the sorption 
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partition coefficient was poor. However, cation exchange capacity (CEC) and swelling 

clay content were highly correlated to Kq'. It was concluded that sorption of vapor 

decreases with increasing moisture content. Nevertheless, authors suggested that water 

sorbed on organic matter may give less interference with TCE sorption than water sorbed 

on mineral surfaces. The authors also concluded that vapor phase sorption of TCE is 

controlled by mineral surfaces (CEC and swelling clay content) rather than by organic 

matter content. 

As already mentioned, sorption of contaminants causes retention of these 

compounds during their transport in porous media. Sorption of gas-phase contaminants 

on solid surfaces and their dissolution into moisture was described above. In this case 

retardation factor R can be defined as follows: 

+ (24)  

where 0^ and 0^ is moisture content and air-filled porosity, respectively, Kh 

(nondimensional) is Henry's law constant, (cm' g') is the solid-liquid partition 

coefficient, and Pb (g cm ') is bulk density of the porous medium. Terms on the right 

hand side represent mass of the contaminant in the gas phase, aqueous phase, and sorbed 

on solid material. When contaminant does not interact with solids, the retardation factor 

will be equal to one plus the mass of contaminant present in the aqueous phase. 

However, if the contaminant is not water soluble and does not sorb, the retardation factor 

will be equal to one. 
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The retardation of gases increases in the presence of NAPLs. If present, 

nonaqueous phase liquids serve as a sink for gaseous contaminants which results in 

increased retardation of gases. In such a case the retardation factor of gaseous 

contaminants is defined as follows: 

(2S) 

where 9„ is NAPL filled porosity, and K,, is the partitioning coefficient between gas and 

NAPL phases. From equations (24) and (25) it is clear that the presence of moisture and 

NAPL phases contributes to additional retention of gases. In addition to physi- or 

chemisorption, retention of gas-phase contaminants in the unsaturated zone may also be 

the result of other mechanisms. Accumulation (sorption) of gases at the gas-water 

interface, and condensation are processes that can contribute to increased retardation of 

gas-phase contaminants (Ong and Lion, 1991). The authors described total vapor mass 

sorbed onto soil as a distribution between (a) mass dissolved in the liquid phase, (b) mass 

sorbed at the solid-liquid interface, (c) mass sorbed at the gas-liquid interface, and (d) 

condensation. However the two latter processes were not the subject of their research. 

In research performed by Hoff et al. (1993a), Pennel et al. (1992), and Conklin 

et al. (1995) retention of contaminants was found to be greater than that attributed to 

solid-phase sorption and partitioning into immobile water. The additional retention was 

attributed to adsorption on gas-water interfaces. When assuming no NAPL phase present, 

retardation of gas-phase contaminants can be defined as follows: 
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+ (26)  

where K,a (cm) is the partition coefficient at the air-water interface, and (cm* cm ') is 

the surface area of the air-water interface. The terms on the right hand side represent 

mass in the gas-phase, aqueous phase, sorbed on solids, and mass accumulated at the air-

water interface. 

The process of accumulation at the air-water interface was first studied in 

chromatography by Kargeret al. (197lfl), (19716), Hartkopf and Karger (1973), Okamura 

and Sawyer (1973), and Dorris and Gray (1981), and later described in environmental 

applications by Valsaraj (1988). Several contaminant transport related studies have since 

shown that adsorption on interfaces could contribute to retention of gas-phase 

contaminants in unsaturated soil systems. The principle behind adsorption at the air-water 

interface is explained by a free energy change upon dissolution of non-polar or low 

polarity compounds in water. The introduction of the solute molecule tends to replace 

strong hydrogen bonds between water molecules with weaker solute-water intermolecular 

forces. Molecules that can not compete with strong hydrogen bonds between water 

molecules are "squeezed out" of the water. Such molecules then prefer a state where the 

least number of water molecules can interact with them, which is the air-water interface 

(Valsaraj, 1988). Basically transfer of molecules from air to water phase is energetically 

unfavorable. The chemical potential of molecule in the gas-phase (air) is higher than in 

water. Solute molecules accumulate at the interface to create higher concentrations in 
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order to equalize the chemical potential across the air-water interface (Mackay et al., 

1991). The amount accumulated at the interface is controlled by the hydrophobicity of 

the compound (Hoff et al., 1993b). 

Application of adsorption at the gas-water interface to gas-phase contaminants 

have been studied by several scientists. Hoff et al. (1993) used gas chromatography to 

study sorption of alkanes and chlorinated hydrocarbons at the air-water interface for three 

different materials: an aquifer material, oxidized aquifer material, and a vadose soil 

sample from above the aquifer. Their results showed that up to 50% of sorption of 

benzene, toluene, and ethylbenzene on the aquifer material was due to an accumulation 

at the air-water interface. Authors concluded that sorption at the interface may be 

important in desert soils with low organic matter content and in soils of temperate regions 

where soil venting depletes water content. 

Pennel et al. (1992) studied the sorption of p-xylene on soils and clay minerals. 

Authors found that adsorption of p-xylene on the air-water interface accounted for about 

50% of its total sorption. 

The effect of interfacial sorption on the transport of gas-phase contaminants during 

venting was examined by Conklin et al. (1995). The authors studied rate-limiting 

processes affecting the efficiency of removal of volatile organic compounds. Two 

processes examined were mass transfer across the interface and intraparticle diffusion. 

In their experiments, a small mass of benzene accumulated at the interface. However, 

more hydrophobic p-xylene accumulated at the interface and was a function of moisture 
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content. The results showed that up to 60% of p-xylene accumulated at the interface. 

The authors pointed out that as the interfacial area increased with increasing moisture 

content, the accumulated amount also increased. The authors concluded that two 

sequential processes were responsible for rate-limited removal of benzene and /7-xylene. 

However, intraparticle diffusion was identified as the slowest process that was not air

flow rate dependent and was responsible for the kinetics of VOCs removal. 

In papers of Hoff et al. (1993a), Hoff et al. (1993b), Pennel et al. (1992), and 

Conklin et al. (1995) it was obvious that an accumulation at the air-water interface is a 

function of the hydrophobicity of a compound and contributes significantly to total 

sorption of Volatile Organic Compounds. Interfacial sorption was found to be more 

important in soils with low organic matter content. Consequendy, sorption of Volatile 

Organic Compounds is due to solid sorption on organic matter or mineral surfaces, 

dissolution in the liquid phase, and accumulation at the interface. As it was pointed out 

earlier, moisture content plays an important role in sorption of these gas-phase 

contaminants and determines whether sorption occurs on mineral surfaces or on organic 

matter for dry vs. wet soils, respectively, as well as it determines the amount retained 

in the aqueous phase and surface area of the air-water interface. 
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Biological Processes Affecting Transport of Gas-Phase 
Contaminants in the Vadose Zone. 

Aside from physical and chemical processes already described, biological 

processes also play an important role in the fate of gas-phase contaminants. The 

importance of biological effects are emphasized in a new remedial technology -

bioventing - that utilizes not only physical process of venting for removal of 

contaminants, but also biological degradation of contaminants. It should be emphasized 

that biodegradation and thus bioventing occurs only in case of biodegradable organic 

contaminants. If a compound is not biodegradable, biodegradation does not occur and 

consequently bioventing is not feasible. 

Enhancement of degradation by soil venting was first observed in a soil venting 

field study (Connor, 1988). Upon introducing oxygen to the subsurface via soil venting, 

elevated temperatures on the site were observed. This phenomena was attributed to 

microbial activity from gasoline components and was studied closely on the pile made 

from contaminated soil from the site. Temperature was monitored by temperature probes 

placed in the pile at various depths. Laboratory analysis showed total VOCs in the soil 

to be down to 0.2 ppm from an initial 1,000 ppm. Even though data from measurements 

of oxygen consumption and carbon dioxide evolution are lacking in this study, the loss 

of VOCs was attributed to the microbial degradation. Consequently, bioventing 

remediation process has since captured major attention among scientists due to it's low 

cost and natural method of contaminant removal. 
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Enhanced in situ degradation had already been used prior to the bioventing 

technique. The subsurface was supplied with oxygen through a variety of carriers such 

as water, oxygen saturated water, and hydrogen peroxide. The efficiency of these carriers 

to transport oxygen to the subsurface is very low (Table 1). Conversely, air is the most 

efficient oxygen carrier (Table 1). Another advantage of air as an oxygen carrier is a four 

orders of magnitude higher diffusion coefficient than that of water. Consequently, less 

energy consumption and higher efficiencies of air as a carrier makes bioventing a 

worthwhile technology. 

Table 1. Efficiency of a various oxygen carriers (Dupont, 1993). 

Carrier solution g carrier/g 0, 

Water 

air saturated no 000 

pure oxygen saturated 22 000 

500 mg/L H,0,' 2 000 

Air (20.9% 0,) 4.5 

a - 100% utilization 

There are several differences between soil venting and bioventing. While the soil 

venting system is designed to maximize removal of contaminants, the bioventing system 

attempts to maximize vapor retention in the soil (Dupont, 1993). Performance of soil 

venting has limitations with respect to contaminants with vapor pressure lower than 

0.0(X)1 atm (Table 2). In such cases, biodegradable contaminants with low vapor pressure 
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can be degraded by indigenous microorganisms if supplied with the necessary oxygen and 

nutrients. Thus it is beneficial to use soil venting and bioventing sequentially. 

In order to achieve the highest removal efficiency possible in this interdependent 

system, it is best to use soil venting followed by bioventing. While soil venting uses high 

air flow rates for removal of high concentrations of gas-phase contaminants otherwise 

toxic to indigenous microorganisms, subsequent reduction of air flow rates is appropriate 

in order to minimize volatilization and maximize residence time of the contaminants. 

This is necessary for the performance of biodegradation (Table 2). The comparison of 

both techniques for possible utilization is described in Table 2. 

Bioventing has been successfully used in in-situ remediation of several sites. The 

principle behind this technology is in biodegradation of contaminants. As mentioned 

above, only biodegradable contaminants are subject to bioventing. A contaminant, in 

order to be biodegradable, must be bioavailable. This property is affected by the sorption 

and solubility of the compound. Even if there are microorganisms in the soil, degradation 

of the contaminant will not occur unless the compound is present in the aqueous phase. 

Volatile Organic Compounds present in the soil air of the unsaturated zone thus can not 

be degraded. Their bioavailability depends on their ability to dissolve into aqueous phase 

or to sorb at the solid liquid interface. As mentioned above, soil particles in the 

unsaturated zone are covered with a layer of moisture. From the soil-water interface or 

aqueous phase VOCs can be uptaken and degraded by microorganisms. 
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Toxicity of organic compounds play an important part in their biodegradability. 

When concentration of a compound is high, it is impossible for microorganisms to 

degrade it due to its toxicity. Consequently, bioventing takes advantage of this fact. 

Initially, high concentrations of organics are removed by soil venting at high flow rates. 

If field conditions are found to be favorable for biodegradation, then air flow rates are 

lowered to increase transport residence times of contaminants and thus allow bioventing 

to proceed. This is another complimentary relationship between soil venting and 

bioventing. 

The feasibility of bioventing is examined by use of in-situ respiration studies. 

These studies should be performed prior to application of bioventing systems in order to 

determine the biodegradation rates. It was found that measurements of the oxygen 

concentration are a better indicator of biological activity than carbon dioxide 

measurements. 

Laboratory research of vapor biodegradation is scarce, but was performed by 

several scientists. Anderson et al. (1991) studied the disappearance of volatile and 

semivolatile organic compounds from two different soil types. The authors compared the 

significance of biotic vs. abiotic processes to the disappearance of organics normally 

found at hazardous waste sites. Authors were unsuccessful in their attempt to account for 

all losses. Rapid disappearance of organics was found to be due to abiotic processes for 

all compounds. 
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Table 2. Comparison of soil venting and bioventing parameters (Dupont, 1993). 

Parameter Conventional Soil 
venting 

Bioventing 

compound type volatile" biodegradable 

vapor pressure (mm Hg) > 100 mm Hg N/A 

Kh (dimensionless) >0.01 N/A 

aqueous solubility < 100 mg/1 N/A 

soil concentration > 1 mg/kg < 1% 

depth to GW > 20 ft N/A 

air permeability > 1x10"* cm/s 

subsurface conditions little or no 
stratification 

NAPL phase little or none biodegradable 

vent well placement within 
contamination 

outside 
contamination 

operating mode max. soil gas 
exchange rate 

max. retention 
time & aerobic 

conditions 

operating flow rates 46 to 700+ Us 4.6 to 23 L/s 

pore volume/day 1 to 15 0.1 to 0.5 

optimal soil moisture - 25% field 
capacity 

~ 75% field 
capacity 

nutrient requirements N/A C:N:P= 100:10:1 

soil gas 0, levels N/A > 2% vol 

toxicants N/A little or none 

a - volatile at room temperature 
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English and Loehr (1991) studied degradation of organic vapors in the unsaturated 

zone, but only under limited conditions. They studied vapor removal of three Volatile 

Organic Compounds (trichloroethene, benzene, and o-xylene) in unsaturated soils by 

measuring sorption and degradation coefficients. The sorption coefficients were examined 

under different moisture content (0, 1, 2, 8 and 16%). Their results were comparable with 

conclusions of other authors studying sorption of gas-phase contaminants in which the 

highest sorption coefficient of gases occurred under dry soil conditions and decreased 

with increasing moisture content. Degradation of gas-phase contaminants occurred under 

aerobic conditions. Results showed that the initial lag period was 5 days for benzene and 

10 days for o-xylene. Degradation coefficients of both compounds were almost the same 

(0.292 for benzene and 0.227 for o-xylene). As sequential amounts of contaminants were 

added to the samples, the lag phase disappeared and degradation coefficients became 

higher (for benzene 3.196 and for o-xylene 1.464). The increase in VOC removal rates 

was attributed to the microbial acclimation to the substrate in the soil and/or to an 

increased number of microorganisms. The research did not examine the effects of 

different temperatures and soil moisture contents on degradation coefficients. 

Richards et al. (1992) performed experiments to study field microcosms for 

degradation of hydrocarbon vapors. Their results show the long lag phase before organic 

vapors of aviation gasoline were utilized by microorganisms. The lag period was found 

to be increasing with increasing depth and ranged from 15 hours at the shallowest depth 

to 1200 hours at the deepest depth. This was attributed to decreased oxygen and nutrient 
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supplies in the deeper subsurface, changes in microbial population composition, and 

enzyme availability. The authors suggested further research on vapor biodegradation with 

respect to oxygen and nutrient availability and requirements, soil moisture, contaminant 

level, and soil type. 

None of the researchers compared vapor degradation rate constants nor examined 

mass transfer limitations that could limit degradation rates of gases. 

Most of the research on degradation of gas-phase contaminants has been performed 

in the field during remediation by bioventing. Hinchee et al. (1991) investigated 

application of the soil venting technique at a jet fuel-contaminated site and examined 

evidence of possible biodegradation. The presence of biodegradation was studied by 

examination of microbial respiration, measurements of oxygen and carbon dioxide 

concentrations, and stable carbon isotope studies. The results indicated that soil venting 

enhances biodegradation due to oxygen enrichment of the vadose zone. Results indicated 

elevated respiration in areas contaminated with jet-fuel compared to control plots of 

uncontaminated areas. Biodegradation occurrence was confirmed by a decreased oxygen 

concentration and increased concentration of carbon dioxide which occurred within 50 

days from the start of experiments. This research demonstrated enhancement of 

biodegradation by soil venting originally not occurring due to a lack of oxygen. 

Dupont et al. (1991) described the remediation of the site at Hill AFB, Utah. Soil 

venting followed by catalytic incineration of off-gas was chosen as a remediation 

technology. Since the off-gas treatment was very expensive, the authors decided to do 
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in situ respiration tests in order to examine the microbial activity of the site which could 

eventually be used as a remedial technology of contaminants in situ and thus avoid 

expensive gas effluent treatment. 

The study evaluated the potential for biodegradation by measuring oxygen and 

carbon dioxide concentration resulting from the addition of oxygen and/or nutrients. The 

total of 80% of JP-4 recovered was attributed to enhancement of biodegradation by soil 

venting. Without enhancement, a total of 15 to 20% of JP-4 was recovered by 

biodegradation. 

It was found that the addition of moisture accelerated in situ respiration as 

opposed to nutrient addition which did not increase degradation rates significantly. 

Reduction of vapor extraction rates was demonstrated as an effective method to reduce 

volatilization, maximize vapor retention times, and thus enhance biodegradation reactions. 

With few exceptions, bioventing remediation was successful in decreasing the contaminant 

level below the detection limit. 

Urlings et al. (1991) performed remedial research of sites using soil venting and 

enhanced biodegradation - bioventing. The research showed the capability of soil venting 

to enhance biodegradation in situ. The removal of contaminant was obvious, but removal 

was not very efficient due to the presence of low hydraulic conductivity layers. Authors 

suggested enhancement of bioventing by injection of heated air. This method would 

increase mass transfer and volatilization of contaminants and thus greater removal rates. 
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Ong et al. (1991b) proposed and performed a field treatability test to measure in-

situ the aerobic biodegradation rates of hydrocarbons. This method is based on 

measurement of change in oxygen and carbon dioxide concentrations in contaminated and 

uncontaminated soil. Measuring changes in oxygen concentrations provided better and 

more precise method for measurement of biodegradation rates. Both methods had been 

tested in the field and found to be inexpensive and simple method for determination of 

biodegradation rates in situ. 

Several laboratory experiments of degradation of gas-phase contaminants were 

performed. However, bioventing and its applications were examined in the field and have 

not been studied in the laboratory. Thus laboratory studies are needed in order to 

examine the limitations of this technique. 

From the prospective of remedial activity, bioventing is less costly than other 

physical and chemical methods mentioned earlier. Its performance can cut expenses from 

the off-gas treatment that usually follows soil venting. The outcome of bioventing is a 

complete destruction of biodegradable contaminants in situ and therefore pumping and 

treatment of extracted contaminated air or water ex-situ is eliminated. Its advantage is 

the capability to remove residual levels of contaminants that can not be removed by the 

conventional physical methods mentioned above. 
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Explanation of Dissertation Format 

The dissertation consists of three manuscripts, one of which has been submitted 

to a peer-reviewed journal (appendix A) and the other two are ready to be submitted for 

peer-review (appendices B and C). 

I was responsible for planning and performance of all the experiments in each 

Appendix. My major advisor. Dr. Mark Brusseau, has provided help with problems 

during the experiments. He has also advised me on interpretation of data analysis as well 

as reviewed and edited each manuscript upon my preparation of the draft. 
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CHAPTER 2. 

PRESENT STUDY 

The methods, results and discussion, and conclusions of this research are presented 

in the form of manuscripts (appendices A - C). Experimental work was performed with 

the apparatus shown in Figures 1 and 2 for transport in dry and unsaturated heterogeneous 

porous media, respectively. Here I provide a summary of the most important findings of 

this research. 

Summary 

The primary goal of my dissertation was to examine the effect of heterogeneity 

on gas-phase transport. The results of the study are presented in three paper included in 

appendices A - C. 

Transport of volatile organic compounds in dry homogeneous and heterogeneous 

porous media is the subject of the first paper (Appendix A). The study of heterogeneity 

was examined under velocities applicable to field soil venting (6 to 200 cm min '). I 

quantified the contribution of processes causing dispersion of a nonreactive tracer during 

transport. Axial diffusion and mechanical mixing are two processes responsible for 

spreading during transport in dry homogeneous porous media. Results showed axial 

diffusion to be the predominant contribution to dispersion at gas velocities < 20 cm min ', 

while its contribution at gas velocities larger than 150 cm min ' was less than 3%. In this 
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range, mechanical mixing was essentially the only process contributing to dispersion of 

the nonreactive tracer, methane, during transport. 

On the other hand, dispersion of methane during transport in the dry heterogeneous 

porous medium consists of axial diffusion, mechanical mixing, and diffusion between 

"macropore" and "micropore" regions. Experimental results showed that the contribution 

of axial diffusion decreased with increasing gas velocity. Mechanical mixing was the 

predominant process contributing to total dispersion at gas velocities in the range of 40 

to 110 cm min '. Above this range, diffusive mass transfer between "macropore" and 

"micropore" domains contributed by more than 50% to dispersion. These quantifications 

were performed for the nonreactive tracer methane. 

The gas pore velocity had an evident effect on breakthrough curves of tracers. 

Preferential flow and increased tailing became more apparent with increasing velocity. 

The breakthrough curves were symmetrical and exhibited minimal dispersion at lower gas 

velocities. With increasing gas velocity, early breakthrough and tailing became more 

pronounced. Breakthrough curves for transport of reactive tracers in dry heterogeneous 

showed greater tailing than the curves of methane. This increased dispersion of reactive 

tracers was a result of the smaller diffusion coefficients. 

Effects of heterogeneity and moisture content on transport of gas-phase 

contaminants were studied in unsaturated homogeneous and heterogeneous porous media 

(Appendix B). Methane transport was not significantly affected by moisture content but 
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was influenced by heterogeneity during transport in the unsaturated heterogeneous 

medium. Diffusion between "micropore" and "macropore" regions caused nonideal 

behavior which was more pronounced at greater gas velocities. 

Conversely, greater solubility of reactive tracers caused dissolution of reactive 

tracers into immobile water. Nonideal behavior of this transport was a result of liquid 

diffusion, which is four orders of magnitude slower than gaseous diffusion. Rate 

limitations of liquid diffusion were more pronounced at greater gas velocities. 

Transport of reactive tracers (trichloroethene, benzene) in unsaturated 

heterogeneous porous medium was nonideal. This nonideality was a result of both 

diffusion within immobile liquid and diffusion between "macropore" and "micropore" gas 

regions. However, the latter process was the rate-limiting step in transport. 

Appendix C presents methods, results, and conclusions of the study on retention 

of gas-phase contaminants. I examined the process of accumulation at the gas-water 

interface and its contribution to total retention of gases. Presented results show that 62 -

73% and 53 - 61% of total trichloroethene and benzene mass, respectively was subject 

to accumulation at the gas-water interface during transport in glass beads packed column. 

Retention of trichloroethene in aquifer material was lower than that in the glass beads 

column. Thirty to 50% of trichloroethene mass was retained at the interface during 

transport through the aquifer material. Solid-phase sorption of tracers was a minor 

contribution to total retention while dissolution in immobile water and accumulation at 
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the gas-water interface were the primary cause for retention of trichloroethene and 

benzene. 

Results in this work are applicable to remediation of gas-phase contaminants by 

soil venting. Results of the effects of gas velocity on transport demonstrates increased 

importance of rate limiting processes such as diffusion between "macropore" and 

"micropore" domains and within immobile liquid to performance of field remediation. 

At higher gas velocities, such as those used in the field, the degree of nonideality 

increases causing an increase in the time required to reach a cleanup target. Results of 

retention experiments suggest that expected retardation based on assumption of solid 

phase sorption and aqueous phase dissolution underestimates the actual value of 

retardation, which includes retention of gases at the gas-water interface. 
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We studied the effects of physical heterogeneity and velocity on transport of gas-

phase contaminants in columns packed with dry glass beads. Experiments were 

performed at gas velocities ranging from 6 to 2(X) cm min '. Methane, trichloroethene, 

benzene, and toluene were used as tracers. Total dispersion of methane during transport 

through homogeneous porous medium was a sum of axial diffusion and mechanical 

mixing. The latter was the main process contributing to total dispersion at gas velocities 

greater than 40 cm min ' while contribution of axial diffusion was negligible at gas 

velocities greater than 120 cm min"'. Transport of tracers in the heterogeneous 

(macroporous) medium exhibited preferential flow and tailing at gas velocities greater 

than about 100 cm min ' as a result of rate-limited mass transfer between "macropore" and 

"micropore" domains. Contribution of mass transfer between "macropore" and 

"micropore" domains was the main contributor to total dispersion at gas velocities greater 

than 170 cm min"'. The rate and magnitude of mass transfer of the reactive tracers was 

successfully predicted using data obtained from the nonreactive tracer. 
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Transport of gas-phase contaminants in heterogeneous unsaturated porous media 

has recently become a subject of research [Kearl et ai, 1991; Gierke et ai, 1992; Gimmi 

et ai, 1993]. In unsaturated heterogeneous porous media, gas will tend to flow through 

coarser parts of the media and transport of gas-phase contaminants from lower 

permeability zones or from immobile water can be influenced by mass-transfer limitations 

(air-water, mobile-immobile or macropore-micropore). Kearl et al. [1991] conducted gas 

transport experiments in a column packed with layers of sand and silty clay with moisture 

contents of 2 and 10%. The authors performed experiments at gas velocities in the range 

of 120 to 2,700 cm min '. They concluded that diffusion between layers of different 

permeability controlled transport and removal of contaminants at these gas velocities. 

Gierke et al. [1992] studied the influence of "immobile" domains (micropores, immobile 

water) on transport of gases through aggregated unsaturated porous media. The authors 

found that mass transfer across the gas-water and the mobile-immobile water interfaces 

was essentially instantaneous, whereas diffusion of gases in immobile water contained 

within intraaggregate pores caused nonequilibrium transport. Gimmi et al. [1993] 

conducted similar experiments to study the effect of physical heterogeneity (synthetic 

aggregates) on gas transport. The authors concluded that transport of gas-phase 

contaminants in unsaturated, aggregated media with no sorption capacity was governed 

by equilibrium gas-water partitioning. 
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It has been recognized that transport in structured or heterogeneous porous media 

is characterized by preferential flow, enhanced dispersion, and tailing [see Brusseau, 1994 

for a recent review]. Several scientists have studied various factors (e.g., solute size, pore 

water velocity, intraparticle porosity) causing greater dispersion (spreading) of 

contaminants during aqueous-phase transport in structured porous media [Passioura, 1971; 

Passioura and Rose, 1971; Rose, 1973; Rao et ai, 1980; Cala and Greenkom, 1986; 

Roberts et ai, 1987; Brusseau, 1993; Hu and Brusseau, 1995]. For example, in work by 

Brusseau [1993] the author quantified contributions of axial diffusion, mechanical mixing, 

intraparticle diffusion and liquid-film mass transfer to total dispersion of solutes during 

transport in structured porous media. The author found intraparticle diffusion to be the 

major source of dispersion at pore water velocities greater than 0.5 cm min"'. 

Although transport of gas-phase contaminants in structured and heterogeneous 

porous media has been studied, quantification of factors or processes contributing to 

enhanced dispersion during transport in such media is lacking. Our purpose was to 

investigate the effect of physical heterogeneity and gas velocity on transport of gas-phase 

contaminants in dry porous media. Transport through unsaturated porous media was 

excluded to eliminate the effects of water-solute interactions on transport. One objective 

of the research was to evaluate the relative contribution of longitudinal diffusion and 

mechanical mixing to dispersive flux. The importance of preferential flow and diffusion 

between "macropore" and "micropore" domains during transport in a macroporous 

medium was also investigated. The above mentioned processes were investigated for 



nonreactive (methane) and reactive (trichloroethene, benzene, and toluene) tracers to 

examine the effect of solute size on dispersion and mass transfer processes. 

Materials and Methods 

Materials 

The experimental apparatus (Figure 1) was constructed from stainless steel (SS) 

and glass to obtain an inert system. We used 3.2 mm SS tubing and SS Swagelok fittings 

(Swagelok, Arizona Valves and Fittings Co., Phoenix, AZ) for all connections, as well 

as a SS column (Alltech Associates, Inc., Deerfield, IL), which was 200 mm long and had 

an internal diameter of 22 mm. Porous SS diffusion plates (2 |im nominal pore diameter) 

on both ends of the column ensured an even distribution of gas across the cross section 

of the column. An extra line bypassing the column served for system calibration prior 

to an experiment. 

Homogeneous porous medium. Glass beads of 0.59 mm diameter (Scientific Instrument 

Services, Inc., Ringoes, NJ) were used to establish a homogeneous porous medium. Prior 

to use, the glass beads were soaked in Nonchromix solution for 12 h and washed with 

nanopure water until the pH of the rinsate was neutral. The glass beads were oven dried 

(I05°C) and then packed into the SS column. Physical properties (bulk density p^, 

porosity 0) of the system are reported in Table 1. 
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Heterogeneous porous medium. A cylinder of stainless steel screen (270 mesh) with 

a length of 170 mm and outer diameter of 5 mm was used as a macropore. The cylinder 

was placed in the center of the column while packing with the glass beads. The effective 

porosities associated with the microporous and macroporous domains were calculated 

from their respective volumes. The total porosity of the porous medium is the sum of 

and (Table 1). 

Methods 

A high pressure cylinder (Scott Specialty Gases, Inc., San Bernardino, CA) served 

as the source of nonreactive and reactive tracers. Methane was used as a nonreactive 

tracer and trichloroethene (TCE), benzene, and toluene were used as reactive tracers. The 

concentration of each tracer was 100 mg 1' in nitrogen, which was used as a carrier gas 

because of its compatibility with the gas chromatography and flame ionization detector 

(FID) system. The output pressure of gas from the cylinder was adjusted by a two-stage 

regulator to 12-15 psi. A three-way valve was used to switch between carrier and tracer 

gas after initial calibration and adjustment of the system. Prior to the entry of gas tracer 

to the column, its flow was regulated by a needle valve (Swagelok, Arizona Valves and 

Fittings Co., Phoenix, AZ) and then measured by use of a 100 mm-flowmeter (Cole 

Palmer Instrument Co., Niles, IL). 

When low flow rates (5 to 25 cm min ') were used, the entire flow was directed 

to the gas chromatograph (GC-I4A, Shimadzu). For the experiments with high flow rates 



(30 to 200 cm min '), the flow was split to maintain the pilot flame of the FDD. The 

concentration data were collected using a voltmeter with a PC interface and computer. 

This system allowed for continuous detection of breakthrough curves. We adjusted all 

data for dead volume of the system for both types of porous media. 

All experiments were conducted in the following way: after adjusting the flow rate 

using nitrogen, we switched the three-way valve (Figure I) to the tracer line until the 

system reached equilibrium (input concentration equals output concentration). Then the 

input line was switched back to nitrogen to obtain the elution portion of the breakthrough 

curve. The experiment was terminated when output concentration reached zero 

(background). 

During vadose zone remediation by soil venting, transport and removal of gas-

phase contaminants depend on air flow rates. Thus, it is critical to study processes 

affecting gas transport and removal at gas velocities applicable to the field. Gas velocities 

calculated from published soil venting data are generally greater than 100 cm min' in the 

vicinity of the extraction well [Glister and Roberts, 1990; Gibson et ai, 1993]. Hence, 

our experiments were conducted at gas velocities ranging from 6 to 200 cm min '. 

Analysis of data. We analyzed the breakthrough curve data using the advective-

dispersive transport equation, which is based on assumption of a homogeneous porous 

medium. Values of the input pulse were obtained by measurement, and values of the 
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Peclet number (P) and Retardation factor (R) were obtained by use of a non-linear, least-

squares optimization program [van Genuchten, 1981]. The Peclet number is defined as; 

p.j^L (1) 
D 

where v is gas velocity (cm min"'), L is length of column, and D is a coefficient 

representing total dispersion. Knowing v, L, and P, the value for total dispersion can be 

determined for each experiment. The total dispersion is comprised of contributions from 

each process that causes spreading. For the dry homogeneous system, these processes are 

axial diffusion (AD) and mechanical mixing (HD). For dry heterogeneous media, 

diffusional mass transfer between "macropore" and "micropore" domains (MMD) is also 

included. 

To quantify the rate and magnitude of mass transfer in the macroporous medium, 

the first-order two-region model was used to simulate experimental data [van Genuchten 

and Wierenga, 1976]. Values of the input pulse and Retardation factor were obtained by 

measurement and moment analysis, respectively, and were used as fixed parameters in 

optimization for all tracers. Peclet numbers (P=200) obtained from analysis of the 

nonreactive tracer were used as a fixed parameter for optimization of the reactive-tracer 

data. Using this procedure we obtained optimized values for P (fraction of instantaneous 

sorption) and co (Damkohler number). These optimized values were compared to 

predictions obtained as described below. 
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Results and Discussion 

Transport in homogeneous porous medium. Breakthrough curves for transport of 

methane through the homogeneous porous medium were symmetrical. The Peclet number 

was found to be a function of gas velocity only for velocities smaller than 20 cm min 

This suggests that the influence of axial diffusion is significant only at velocities less than 

20 cm min '. We calculated the contributions of axial diffusion and mechanical mixing 

to total methane dispersion using the following equation; 

o -^0 (2) 
Z?-  —+av 

T 

where Do is diffusion coefficient in air (cm" s '), x is tortuosity and a is dispersivity (cm). 

The first and second terms on the right-hand side of (2) represent axial diffusion and 

mechanical mixing, respectively. The value of Do for methane is 0.28 cm" s' 

[Schwarzenbach et ai, 1993]. We calculated the t value using data obtained with gas 

velocities less than 20 cm min ', with the assumption that axial diffusion is essentially the 

only process contributing to dispersion at these low gas velocities. 

Our calculated x value (1.6) for the dry homogeneous porous medium corresponds 

well to a value of t = 1.3 estimated by using the empirical formula of Millington [1959] 

developed for dry porous media: 
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where 0g is gaseous porosity. Lai et al. [1976] reported a relationship between 

diffusibility (Q) and porosity as 

0-^-0 5/3 
Dn ^ 

( 4 )  

From eq 4 we can define tortuosity as: 

t -0 /2 /3  ( 5 )  

The t value estimated from (5) (T = 1.7) is also in a close agreement with our calculated 

value (Table 1). The similarity between the predicted and measured r values supports 

the validity of the assumption that axial diffusion is the only major source of spreading 

for velocities less than 20 cm min"'. However, it should be noted that due to the 

assumption of negligible mechanical mixing at low gas velocities, values of t reported 

in Table 1 represent minimum values. 

Knowing values of T and Dq allowed us to quantify the contributions of axial 

diffusion and mechanical mixing to total dispersion for the homogeneous porous medium. 

We calculated contributions of these processes as follows: 

( ^ )  ( 6 )  
AD{%) —*100 

D 
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( 7 )  
WD(%)-100-AD 

The contribution of axial diffusion was less than 3% for gas velocities larger than 150 cm 

min ' (Figure 2). In this range, mechanical mixing was essentially the only process 

contributing to dispersion of methane during transport. Under these conditions, eq 2 

reduces to D = av, from which can be obtained a value for dispersivity (see Table I). 

Comparison of these results to the ones reported by Brusseau [1993] shows a 

difference of approximately three orders of magnitude between gas and water velocities 

(38 and 0.036 cm min ', respectively) at which the contribution of both axial diffusion and 

mechanical mixing was 50%. Such a difference is expected since vapor-phase diffusion 

coefficients are approximately four orders of magnitude greater than aqueous diffusion 

coefficients. For example, the diffusion coefficients of methane, trichloroethene, and 

benzene in air is 0.28, 0.096 and 0.12 cm" s ', respectively, while their aqueous diffusion 

coefficients are 3 x 10', 9.6 x 10"* and 1.3 x lO"* cm" s ', respectively [Schwarzenbach et 

ai, 1993]. 

Transport in heterogeneous porous medium. We performed transport experiments with 

the macroporous medium and methane at gas velocities in the range of 6 to 200 cm min '. 

Variations were observed between breakthrough curves for homogeneous and 

heterogeneous systems at high gas velocities (Figure 3). Breakthrough curves for 
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transport of methane in the macroporous medium exhibited earlier breakthrough and 

slightly more tailing. 

For the heterogeneous porous medium, the contribution of axial diffusion to 

spreading was calculated using eq 6 while those of mechanical mixing and diffusion 

between "macropore" and "micropore" domains were calculated as follows: 

HD(%)-  —*100  
D 

MMD(%) '100-{AD+HD) 

In order to quantify contributions of all processes to total dispersion for the heterogeneous 

porous medium, a value was needed for the dispersivity (a). This was estimated using 

the data set obtained from the homogeneous system at gas velocities larger than 100 cm 

min' (111, 127, 142, 155, and 173 cm min'), where mechanical mixing is assumed to be 

the only process contributing to D (AD = 0). 

As expected, the contribution of axial diffusion decreased with increasing gas 

velocity (Figure 4). Mechanical mixing was the predominant process contributing to total 

dispersion at gas velocities in the range of 40 to 110 cm min ' (Figure 4). Diffusive mass 

transfer between "macropore" and "micropore" domains contributed by more than 50% 

to dispersion at gas velocities greater than 120 cm min ' (Figure 4). This finding is in 

agreement with the results reported by Kearl et al. [1991]. The authors showed that 

diffusive mass transfer between low and high permeability domains was the controlling 
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process at gas velocities greater than 120 cm min"'. The profiles of the relative 

contributions illustrated in Figure 4 are very similar to the ones reported by Brusseau 

[1993] for aqueous-phase dispersive transport. With the exception of film diffusion 

(which was excluded from our experiments by use of dry porous media), the contributions 

of axial diffusion, mechanical mixing, and intraparticle diffusion show similar trends. 

The effect of velocity on solute transport in the macroporous medium is illustrated 

in Figure 5. Preferential flow and increased tailing became more apparent with increasing 

velocity. The shapes of breakthrough curves for transport at lower gas velocities are 

symmetrical and exhibit minimal dispersion. As the residence time of a solute decreases 

with increasing velocity, the departure from equilibrium increases due to insufficient time 

available for diffusion between the two domains, which results in tailing. Diffusion 

between two domains with different permeabilities became a controlling process for 

transport of gas in the dry heterogeneous porous medium. 

Breakthrough curves for transport of reactive tracers through the macroporous 

medium showed similar behavior. Trichloroediene, benzene, and toluene exhibited 

retardation, with R values of 2.5, 2.9 and 5.5, respectively. Pore volumes were 

normalized by R to compare the shape of breakthrough curves for the reactive tracers. 

Compared to methane, all reactive tracers exhibited greater tailing and reached complete 

breakthrough much later (e.g., 20 pore volumes later for toluene) at the highest gas 

velocities (Figure 6). This greater degree of nonideality could be a result of slower 

physical mass transfer of these larger solutes, or it could be related to rate-limited 
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sorption. A quantitative analysis using a mathematical model was performed to help 

identify the controlling process. 

The dual porosity (two-region) model was used to simulate tracer transport in the 

macroporous medium. Data for the nonreactive tracer were used to obtain values for the 

Damkohler number, co, which represents the contribution of physical mass transfer to 

nonideal behavior. Assuming that only mass transfer contributes to tailing of 

breakthrough curves, the O) values obtained for methane were adjusted for differences in 

the diffusion coefficient Do to obtain values for the reactive tracers. Given the values of 

Do  fo r  me thane ,  TCE,  benzene ,  and  to luene  a r e  0 .28 ,  0 .096 ,  0 .12  and  O . l l l  cm '  s ' ,  

respectively, then CO values for the reactive tracers were calculated as follows Brusseau 

where (X„ (s ') is mass transfer coefficient of methane, L (cm) is length of system, v (cm 

min ") is gas velocity, 0 is total porosity. The values for y were calculated as follows: 

where Do is air diffusion coefficient for reactive (s) and nonreactive (n) tracers. 

The optimized and predicted values of CO are given in Table 2. The predicted 

values matched very well with the fitted values and, with one exception, fall within their 

95% confidence limits. Comparisons of predicted simulations to the experimental data 

[1991]: 

(10) 

(11) 
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are illustrated in Figure 7. It is apparent that the nonideai transport of the reactive tracers 

was successfully predicted by use of the methane data. This indicates that the differences 

in tailing were due primarily to differences in diffusion coefficients rather than sorption 

kinetics. 

Summary and Conclusion 

In summary, transport of reactive and nonreactive gas-phase contaminants in a dry 

macroporous medium was characterized by preferential flow and tailing of breakthrough 

curves. This behavior increased with increasing gas velocity and decreasing Do. At gas 

velocities greater than 120 cm min ', diffusion of gas-phase contaminants between 

"macropore" and "micropore" domains became the process controlling spreading. The 

impact of solute size and attendant diffusivity on gas-phase contaminant transport is 

evident from this work. Differences in Do would result in a smaller contribution of axial 

diffusion to total dispersion for TCE and benzene compared to methane in the lower 

range of velocities. On the other hand, contributions of difftision between "macropore" 

and "micropore" domains to total dispersion of TCE and benzene will be of greater 

i m p o r t a n c e  c o m p a r e d  t o  t h a t  o f  m e t h a n e  a t  v e l o c i t i e s  g r e a t e r  t h a n  1 2 0  c m  m i n T h e  

roughly 2.5-factor difference between methane and the other solutes has a significant 

effect on mass transfer and, therefore, transport. Gas velocities used in this study are 

routinely utilized in soil venting; hence we might expect delayed contaminant removal for 

structured or heterogeneous porous media. 
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Table 1. Properties of porous media 

parameter homogeneous heterogeneous 

pb (g cm ') 1.48 1.42 

0 0.44 0.465/0.464 

T 1.6 2.1 

a (cm) 2.6 2.6 

e. - 0.044 

- 0.421/0.42 

Vporc' (cm') 33.4 35.3 

*: pp = 2.65 g cm'^ 
t- V = V X ( ' * pore column ^ 



Table 2. Optimized and predicted values of Damkohler number 

v (cm min ') 0)«t* < 
TCE 36.0 1.24 

(0.907-1.58) 
1.10 

(1.04-1.152) 

120.0 0.70 
(0.486-0.923) 

0.49 
(0.463-0.512) 

192.0 0.32 
(0.249-0.389) 

.36 
(0.339-0.374) 

Benzene 119.0 0.33 
(0.245-0.410) 

0.61 
(0.585-0.647) 

192.0 0.30 
( r 

0.44 
(0.423-0.467) 

Toluene 36.0 0.96 
(0.537-1.38) 

1.26 
(1.201-1.328) 

118.0 0.70 
(0.331-1.07) 

0.57 
(0.539-0.617) 

192.0 1.19 
(0.105-2.27) 

0.41 
(0.388-0.429) 

* cOn, = optimized values obtained by use of the dual-porosity model; 
numbers in parentheses report 95% confidence limit 

t cOp = predicted values calculated by use of the methane data; numbers 
in parentheses report 95% confidence limits for the prediction 
based on the 95% confidence limit for the optimized methane data 

tt values of confidence limit were in negative range 
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Figure Captions: 

Figure I. Experimental apparatus - gas-phase transport in dry porous medium. 

Figure 2. Contribution of axial diffusion and mechanical mixing to total dispersion 

of methane during transport in dry homogeneous porous medium. 

Figure 3. Breakthrough curves of methane in homogeneous vs. heterogeneous porous 

media at high gas velocities. 

Figure 4. Contribution of axial diffusion, mechanical mixing and diffusion between 

"macropore" and "micropore" domains to total dispersion of methane 

during transport in dry heterogeneous porous medium. 

Figure 5. Transport of methane in dry heterogeneous porous medium at different 

velocities. 

Figure 6. Transport of tracers in dry heterogeneous porous medium at high gas 

velocities. 

Figure 7. Breakthrough curves for transport of reactive tracers in dry heterogeneous 

porous media: experimental data and predictions. 
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Abstract 
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This study was performed to investigate the effect of physical heterogeneity and 

gas velocity on transport of contaminants in unsaturated homogeneous and heterogeneous 

porous media. Experiments were conducted at gas velocities ranging from 10 to 270 cm 

minThe shape of methane breakthrough curves were not affected by moisture content. 

Conversely, transport of trichloroethene and benzene in the unsaturated homogeneous 

porous medium was nonideal and governed by diffusion in immobile water. The effect 

of diffusion was more pronounced at higher gas velocities as residence time decreased. 

Transport of methane and trichloroethene through the unsaturated heterogeneous porous 

medium was rate-limited. Mass transfer between "macropore" and "micropore" domains 

caused nonideal transport of methane. Trichloroethene nonideality was due to both mass 

transfer between gas-phase "macropore" and "micropore" domains and diffusion within 

immobile water. However, the former process controlled transport of trichloroethene. 

Predictions of breakthrough curves for trichloroethene transport through the heterogeneous 

porous medium was accomplished by use of a multiprocess nonequilibrium model. All 

predicted parameters were estimated independently. Predictions fit the measured data 

well. 
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Introduction 

Soil venting has been characterized as an efficient and cost effective technology 

for removal of volatile organic compounds from the vadose zone. However, the 

efficiency of the technique and duration of remediation depends on many factors that may 

cause nonideal transport and delayed removal of contaminants. Among other factors, the 

presence of physical structures (e.g. fractures, aggregates, macropores) and moismre 

content may constrain contaminant removal. In such cases, transport of gas-phase 

contaminants in unsaturated heterogeneous or structured porous media may be controlled 

by physical processes such as gas-water mass transfer, mass transfer between macropore 

and micropore domains, and intraparticle diffusion. 

In structured porous media, gas will tend to flow preferentially through coarser 

parts of the media. Consequently, transport of gas-phase contaminants from lower 

permeability zones, micropores, or from immobile water can be influenced by mass 

transfer limitations. Kearl et al. (1991) concluded that diffusion between layers of 

different permeability controlled transport and removal of contaminants from soil columns 

at gas velocities greater than 120 cm min '. Gierke et al. (1992) and Gimmi et al. (1993) 

studied the effect of physical heterogeneity (synthetic aggregates) and immobile water on 

gas transport. Gierke et al. (1992) found that mass transfer across the gas-water and the 

mobile-immobile water interfaces was instantaneous whereas diffusion of gases into 

immobile water contained within intraaggregate pores caused nonequilibrium transport. 

Conversely, Gimmi et al. (1993) concluded that transport of gas-phase contaminants in 
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unsaturated, aggregated media with no sorption capacity was governed by equilibrium 

gas-water partitioning. Grathwohl et al. (1993) conducted column experiments with 

aquifer material containing intraparticle porosity. They suggested that intraparticle 

diffusion of gases in micropores filled with immobile water controlled removal of volatile 

organic compounds in the field. Brusseau (1991) described a model for gas transport 

through structured porous media that accounts for multiple rate-limited mass transfer 

processes. The author used the model to describe data collected from the literature and 

found that both rate-limited sorption and diffusion within "immobile" water significantly 

influenced transport. 

The purpose of this research was to investigate the effect of physical 

heterogeneity, gas velocity, and solute-water interactions on transport of gas-phase 

contaminants in unsaturated porous media. A major objective was to examine the 

magnitude and rate of gas-water mass transfer and mass transfer between "macropore" and 

"micropore" domains and their influence on transport of solutes of different sizes and 

reactivities. To study processes affecting gas transport and removal at velocities 

applicable to the field (Glister and Roberts, (1991); Gibson et al., (1993)), we conducted 

our experiments at gas velocities ranging from 6 to 200 cm min '. 



Materials and Methods 

Materials 

The experimental apparatus (Figure 1) was constructed from stainless steel (SS) 

and glass to obtain an inert system. We used 3.2 mm SS tubing and SS Swagelok fittings 

(Swagelok, Arizona Valves and Fittings Co., Phoenix, AZ) for all connections. A glass 

column 145 mm long and with an internal diameter of 79 mm was used for all 

experiments. Porous SS diffusion plates (2 (xm nominal pore diameter) on both ends of 

the column ensured an even distribution of gas across the cross section of the column. 

An extra line bypassing the column served for system calibration and determination of 

initial concentration Q prior to an experiment. 

Unsaturated homogeneous porous medium. Glass beads of 0.59 mm diameter 

(Scientific Instrument Services, Inc., Ringoes, NJ) were used to create a homogeneous 

porous medium. Prior to use, the glass beads were soaked in Nonchromix solution for 

12 h and washed with nanopure water until the pH of the rinsate was neutral. The glass 

beads were oven dried (lOS^C) and then packed into the SS column. The system was 

saturated with nanopure water and then drained by gravity. While draining, the column 

was turned upside down every 4 to 5 days to help obtain a uniform distribution of water 

throughout the porous medium. The total draining time was 26 days. Column draining 

was considered complete when no water exited the column. Residual moisture content 

was estimated gravimetrically by weighing the column before and after drainage. Using 



the described technique we obtained a residual moisture content of 11.9%. 

properties of the system are reported in Table 1. 

100 

Physical 

Unsaturated heterogeneous porous medium. To simulate a macropore, a cylinder with 

a length of 170 mm and outer diameter of 5 mm was constructed from stainless steel 

screen (270 mesh). The cylinder was placed in the center of the column while packing 

the column with the glass beads. The effective porosities associated with the microporous 

and macroporous domains were calculated from their respective volumes. The total 

porosity of the porous medium is the sum of 0„ and 0i„ (Table 1). Unsaturated conditions 

(0„ = 9.9%) were obtained following the procedure described above. 

Methods 

A high pressure cylinder (Scott Specialty Gases, Inc., San Bernardino, CA) served 

as the source of nonreactive (methane) and reactive (trichloroethene, benzene) tracers. 

The concentration of each tracer was 100 ppm (vol/vol) in nitrogen, which was used as 

a carrier gas because of its compatibility with the gas chromatography and flame 

ionization detector system. The output pressure of gas from the cylinder was adjusted by 

a two-stage regulator to 12-15 psi. A three-way valve was used to switch between carrier 

and tracer gas after initial calibration and adjustment of the system. Prior to the entry of 

gas tracer to the column, its flow was regulated by a needle valve (Swagelok, Arizona 

Valves and Fittings Co., Phoenix, AZ), measured by use of a 100 mm-flowmeter (Cole 
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Palmer Instrument Co., Niles, IL), and then humidified by purging through a gas washing 

bottle with nanopure water to avoid loss of moisture from the column. Two humidifiers 

were used: one for the line with tracer gas and the other for the nitrogen line. This setup 

ensured both gas lines to be free from background levels of contaminant during the initial 

phases of injecting and eluting the tracers. 

When low flow rates (5 to 25 cm min"') were used, the entire flow was directed 

to the gas chromatograph (GC-14A, Shimadzu). For the experiments with high flow rates 

(30 to 200 cm min '), the flow was split to maintain the pilot flame of the detector. The 

temperature of GC oven and detector was I50"C and 250°C, respectively. The baseline 

and input concentration of the tracer (Co) was established prior to each experiment. The 

concentration data were collected using a voltmeter with a PC interface and computer. 

This system allowed for continuous detection of breakthrough curves. We adjusted all 

data for dead volume of the system. The dead volume (ratio of volume of the system 

without the column and column pore volume) was calculated based on measured values 

of flow rate and time necessary for gas to pass through the system without the column. 

Analysis of data. The breakthrough curve data for both homogeneous and heterogeneous 

systems were initially analyzed by use of the typical advective-dispersive model (Brenner, 

1962) to obtain optimized values of the Peclet number P. Comparison of P values of 

nonreactive and reactive tracers allows discussion of processes contributing to dispersion 

of the contaminants (e.g., mechanical mixing, macropore-micropore mass transfer, 
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diffusion in immobile water). Retardation factors and values of input pulse were 

determined by moment analysis and experimental measurement, respectively. 

Breakthrough curves for transport of the reactive tracers in the homogeneous 

medium were subsequently fitted with a model incorporating rate-limited mass transfer 

by use of the first-order approach to examine the rate and magnitude of rate-limited 

processes (van Genuchten and Wierenga, 1976). In this simulation the value of the Peclet 

number was fixed at 200. This method allowed us to determine values of the 

nonequilibrium parameters P (fraction of instantaneous retardation) and Damkohler 

number (co) (ratio of mass transfer and advection time scales). Both parameters were 

obtained by use of a non-linear, least squares optimization program (van Genuchten, 

1981). The definition of 0) is: 

where a (min ') is mass transfer coefficient, L (cm) is length of a system (cm), and v (cm 

min ') is gas pore velocity. Values of a calculated from eq 1 are used for parameter 

estimation of heterogeneous data described later in this chapter. 

Breakthrough curves for methane transport through the heterogeneous unsaturated 

porous medium were analyzed by the same method already described for analysis of the 

homogeneous system. However, trichloroethene breakthrough curves in the heterogeneous 

medium were not analyzed with the two-domain model. This model was not appropriate 

for analysis of transport of trichloroethene in this system, which conceptually consisted 



103 

of three domains: advective (macropore), nonadvective gas-phase domain associated with 

the glass beads, and an immobile domain of moisture content. Thus, we expected mass 

transfer to occur between macropore and micropore domains as a results of physical 

heterogeneity, and mass transfer within immobile water. Consequently, we used a 

multiprocess nonequilibrium model (Brusseau, 1991) for analysis of trichloroethene 

breakthrough curves in unsaturated heterogeneous porous medium. 

All parameters in this model were predicted independently. The value of the 

Peclet number was 200, the retardation factor was determined by moment analysis, and 

the value of the input pulse was measured. As already described, our system consisted 

of three domains. Thus we estimated values of p„ Pj, and p4, which represent the 

contribution of each domain to total retardation. The P, term represents the fraction of 

instantaneous retardation in the macropore domain, which includes the mass present in 

the gas phase and the aqueous phase associated with the macropore. We assumed no 

sorption of trichloroethene by the SS screen. The value of P, represent the mass 

instantaneously retained in the gaseous, aqueous, and solid phases of the micropore 

domain, whereas P^ represents the mass whose retention in these phases is rate limited. 

Since the sum of all P,,.3.4 is equal to unity and our system did not have rate-limited 

sorption in the macroporous domain (p, = 0), the value of P, was calculated as a 

remaining fraction to one for given values for P, and p,. The reader can obtain more 

details about parameter estimation in Brusseau (1991). 
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The Damkohler number (co) represents in this case mass transfer between 

macropore and micropore domains. This value was obtained by fitting a two-domain 

model including a mass transfer term to the data set collected for transport of 

trichloroethene in a dry heterogeneous porous medium. The transport of trichloroethene 

in these experiments was influenced only by mass transfer between the gas-phase 

macropore and micropore domains and thus ideally represents O). 

The last parameter needed for prediction of the TCE data is Damkohler number 

k,", which represents the nonequilibrium associated with diffusion of gas-phase 

contaminant in immobile liquid residing in the microporous domain. This mass transfer 

coefficient was obtained from breakthrough curve data for transport of trichloroethene in 

the unsaturated homogeneous porous medium. These breakthrough curves were fitted 

with a model incorporating rate-limited mass transfer by use of the first-order approach. 

Again these experiments were designed specifically to isolate the process of diffusion of 

gas-phase contaminant in immobile liquid. Both types of Damkohler numbers were 

estimated separately for each gas velocity. 
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Results and Discussion 

Transport in unsaturated homogeneous porous medium. Typical results of the 

transport experiments are illustrated in Figure 2. In forthcoming figures the pore volumes 

were normalized by R to compare the shape of breakthrough curves. 

Breakthrough curves for methane transport in the unsaturated homogeneous porous 

medium were syirmietrical and almost identical for all gas velocities (Figure 3). The 

retardation factor of methane ranged from 1.7 to 2.5. The higher (greater than I) 

retardation of nonreactive tracer was attributed to accumulation of gas on gas-water 

interface described in paper by (PopoviCova, 1996). However, detailed study of retention 

of tracers is beyond the scope of this paper. 

By fitting the advective-dispersive model (Brenner, 1962) to experimental data we 

obtained optimized P values ranging between 18 and 32 (see Table 2). These results 

suggest that mechanical mixing is the primary source of dispersion and indicate that 

transport was ideal (uniform flow at the macroscopic scale). With exception of increased 

retention, transport of methane was not affected by moisture content. It appears that mass 

transfer between gas and water was not significantly rate-limited for this tracer. 

Conversely, transport of TCE and benzene in the unsaturated porous medium was 

significantly influenced by moisture content. We observed greater tailing and early 

breakthrough for both contaminants with increasing velocity (Figure 4). All data sets for 

both reactive tracers were analyzed by use of the advective-dispersive (AD) (Brenner, 

1962) equation. Peclet numbers for both reactive tracers (see Table 2) were significantly 
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lower compared to those for methane. These differences, however, cannot be attributed 

to differences in axial diffusion because all but two experiments were performed at high 

gas velocities where the contribution of axial diffusion is negligible. 

The Peclet number alone does not identify the rate-limiting process nor does it 

fully describe the degree of nonideality caused by that process. Therefore, process-

specific model analyses are needed to help distinguish between processes. To accomplish 

this, the rate-limited mass transfer (RLMT) model was used to analyze the data. This 

analysis was done with a fixed value of Peclet number (100) to describe the data more 

precisely. 

Results of this model fitting show similar trends for both reactive tracers (Table 

2). Values of P, which represents the fraction of contaminant subject to instantaneous 

retention, decrease with increasing velocity. Thus it is clear the mass fraction of tracer 

which is subject to rate-limiting process is increasing with increasing velocity. Such 

interpretation is reasonable since increasing gas velocity results in decreasing residence 

time that is available for diffusion. Therefore, as time decreases, smaller fraction of mass 

is able to complete mass transfer into the gas phase. Values of Damkohler number o) (< 

2) in Table 2 represent degree of nonequilibrium caused by mass transfer. For our 

system, such nonideality could be a result of one of three rate-limited processes; sorption, 

mass transfer across gas-water interfaces, or diffusion within the water. 

Solid-phase sorption of benzene and TCE is very weak in our system. This, in 

conjunction with the mechanism involved (physisorption), would indicate that rate-limited 
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behavior is not important. Mass transfer across gas-liquid interfaces is generally 

considered to be rapid (Gierke et al., 1992). Diffusive mass transfer in water is usually 

considered to be relatively rapid for aqueous-phase systems. However, residence times 

associated with gas-phase transport are generally much shorter than those of aqueous-

phase systems. The time scale of aqueous diffusion coupled with the short residence 

times of gas-phase transport can cause diffusion within water to be significantly rate 

limited. In conclusion, our results indicate that transport of benzene and TCE in 

unsaturated homogeneous porous medium was controlled by rate-limited diffusion within 

the residual water phase. 

The optimized a values ranged approximately from 0.16 to 5.3 min ' for TCE and 

0.29 to 5.0 min"' for benzene (Table 2). The magnitude increased with gas velocity, as 

observed for aqueous transport systems involving mass transfer (Brusseau and Rao, 1989). 

The rate-limited behavior of the reactive tracers was attributed to their relatively high 

aqueous solubilities compared to methane (see Figure 3c). Both reactive tracers exhibit 

earlier breakthrough and increased tailing with higher gas velocities. Conversely, methane 

has a relatively low aqueous solubility and thus any effect of gas-water mass transfer is 

not significant. Experiments described here targeted specifically the effect of moisture 

content on transport of gas-phase contaminants. Thus, the rate-limiting process 

contributing to nonideal behavior of trichloroethene and benzene is a result of immobile 

water. 
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Transport in unsaturated heterogeneous porous medium. Transport of methane 

through the unsaturated macroporous system showed more dispersion compared to 

transport of methane in the unsaturated homogeneous porous medium (Figure 5). 

Methane was retarded (R = 1.6 - 2.7). The values of retardation factors were similar to 

those for transport in homogeneous porous medium. 

As expected, physical heterogeneity caused enhanced dispersion of methane at 

greater velocities (Figure 6). Peclet numbers obtained by fitting the advective-dispersive 

equation to methane data ranged from approximately 3 at the highest gas velocity up to 

11 at the lowest gas velocity (Table 3). This decrease in the Peclet number in this case 

is the result of the presence of the macropore. As mentioned in the introduction, gas 

tends to flow by advection through the areas of least resistance while contaminant present 

in the micropore domain (in our case glass beads) will be influenced by mass transfer 

processes. Additionally, the results of model fits show a high degree of nonideality (0 

< 3) (Table 3). 

Transport of trichloroethene in the unsaturated heterogeneous porous medium 

showed larger dispersion than did methane in the same medium. We again observed 

increasing dispersion with increasing velocity (Figure 7). Because the use of methane as 

a nonreactive tracer accounts for the effect of physical heterogeneity on transport, greater 

dispersion of the reactive tracer could be the result of diffusion within immobile water 

of the microporous domain. However, because diffusive mass transfer between gas-phase 
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"macropore" and "micropore" domains is influenced by differences in gaseous diffusion 

coefficients, the greater dispersion could still be due to physical heterogeneity. 

The values of Peclet numbers show increased dispersion with increasing gas 

velocity and confirm additional dispersion compared to methane data (Table 3). In order 

to quantify and distinguish between two diffusional processes we used the multiprocess 

nonequilibrium model (Brusseau, 1991) adapted to our system. Conceptually, the system 

consists of three domains: advective domain with instantaneous sorption, microporous 

domain with instantaneous sorption, and rate-limited diffusion within immobile liquid. 

Mass transfer between macropore and micropore domains is described by Damkohler 

number o), while liquid diffusion within immobile liquid of micropore region is 

represented by Damkohler number k,°. All parameters of the models were estimated 

independently as described previously (data analysis). With one exception, all predictions 

fit well breakthrough curves of TCE transport (Figure 8a - 8d). 

The values of P parameters indicate that highest retention of trichloroediene 

occurred in the microporous domain, which was subject to instantaneous retardation (P,)-

Small values of parameter P4 show that a small fraction of trichloroethene was retained 

in microporous domain associated with a rate-limited process. 

The values of both Damkohler numbers suggest that transport of trichloroethene 

through unsaturated heterogeneous porous media is subject to nonideality due to mass 

transfer between macropore and micropore domains (o) < 0.5), and due to diffusion within 

immobile liquid (k,° < 0.15). However, the shape of the predicted breakthrough curve is 
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very sensitive to values of O) as opposed to changes in k,°, which indicates higher 

significance of diffusion between macropore and micropore domains. Several authors 

showed in their research that diffusion within immobile intraparticle water was the rate-

limiting step in transport of gas-phase contaminants (Gierke et al., 1992; Gimmi et al., 

1993; Grathwohl and Reinhard, 1993). Our results show that diffusion caused by 

presence of physical heterogeneity has greater impact on magnitude of nonequilibrium. 

In addition, comparison of fraction of contaminant mass associated with instantaneous (|3,) 

and rate-limited (P4) retention (pj > P4) supports the fact that mass transfer between 

macropore and micropore domains is the main cause of transport nonequilibrium in the 

unsaturated heterogeneous porous medium. It should be noted, that our microporous 

domain was not completely saturated with immobile water and thus did not provide such 

a substantial sink compared to saturated intraaggregate pores. In the case of a saturated 

microporous domain (i.e. case of clay lenses with higher moisture content) we might 

expect diffusion within immobile liquid to be slower and thus more pronounced rate-

limiting process. 
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Conclusion 

In summary, transport of reactive tracers such as TCE and Benzene in unsaturated 

porous media was affected by rate-limited diffusion within immobile water. The 

limitation was more pronounced at higher gas velocities. Nonideal transport of reactive 

tracers through unsaturated heterogeneous porous media was predominantly a result of 

mass transfer between macropore and micropore regions, rather than diffusion in 

immobile liquid. 
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Table 1. 

Properties of the porous media 

parameter homogeneous heterogeneous 

pb (g cm')* 1.61 1.47 

0 0.393 0.445 

e. 0.119 0.099 

ea 0.274 0.346 

e™ - 0.032 

- 0.413 

Vporc (cmO 194.6 254.3 

* particle density pp = 2.65 g cm'^ 
Vp„„ is gas pore volume of packed bed 
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Table 2 

Optimized parameters for transport in unsaturated homogeneous porous medium 

V (cm min ') P* R P* CO' a (min *) 

Methane 60.0 32 2.5 
(20.0-44.2) 

180.0 25 2.2 - . -

(12.4-37.9) 

180.0 18 2.1 _ _ 

(8.4-27.7) 

270.0 18 1.7 - _ 

(3.6-33.3) 

TCE 10.0 23 9.5 0.79 1.4 0.162 
(16.0-30.9) (0.708-0.879) ( )" 

56.0 5.4 6.6 0.71 0.61 0.381 
(3.73-7.15) (0.662-0.753) (0.294-0.934) (0.270-0.588) 

170.0 6.3 9.0 0.49 1.7 5.3 
(2.97-9.7) (0.307-0.673) (1.34-3.24) (1.04-9.54) 

260.0 2.5 7.0 0.43 0.96 4.35 
(1.75-3.22) (0.383-0.480) (0.584-1.35) (2.60-6.09) 

270.0 1.9 6.7 0.44 0.9 5.1 
(1.38-2.41) (0.403-0.469) (0.594-1.17) (3.70-6.48) 

Benzene 9.0 14.5 10.1 0.75 1.3 0.289 
(11.1-17.8) (0.684-0.823) (0.379-2.19) (0.075-0.508) 

56.0 5.6 9.8 0.69 0.7 0.50 
(4.09-7.11) (0.646-0.745) (0.389-0.983) (0.223-0.777) 

170.0 2.8 8.3 0.61 0.56 0.932 
(1.74-3.82) (0.570-0.661) (0.296-0.834) (0.283-1.571) 

270.0 1.4 8.5 0.76 0.23 1.27 
(1.74-3.82) (0.702-0.820) ( )" (0.204-2.37) 

* values obtained by use of advective-dispersive transport model; numbers in 
parentheses report 95% confidence limit 

t values obtained by use of rate-limited mass transfer model; numbers in 
parentheses report 95% confidence limit 

tt range of 95% confidence limits is not reported due to negative values 
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Table 3 

Optimized parameters for transport in unsaturated heterogeneous porous medium 

V (cm min ') P» R P' CO' a (min ') 

Methane 8.0 10.8 
(8.04-13.6) 

2.7 0.747 
(0.656-0.838) 

1.47 
(0.139-2.8) 

0.287 
(0.027-0.55) 

88.0 6.0 
(1.67-10.3) 

2.4 0.558 
(0.438-0.679) 

1.07 
(0.105-2.04) 

2.2 
(0.21-4.17) 

88.0 12.2 
(8.1-16.3) 

2.2 0.513 
(0.44-0.586) 

1.42 
(0.839-2.00) 

2.9 
(1.71-4.1) 

164.0 7.0 
(5.89-8.11) 

2.0 0.413 
(0.352-0.474) 

2.83 
(2.01-3.64) 

10.8 
(7.65-13.9) 

231.0 3.4 
(2.52-4.29) 

1.6 0.612 
(0.43-0.795) 

0.876 
(0.423-1.33) 

4.7 
(2.27-7.13) 

TCE 86.0 5.55 
(3.8-7.31) 

4.7 0.488 
(0.439-0.537) 

1.33 
(0.962-1.7) 

-

90.0 6.7 
(5.26-8.11) 

3.7 0.541 
(0.485-0.598) 

1.8 
(1.21-2.41) 

-

162.0 5.5 
(3.58-7.41) 

4.8 0.229 
( )" 

4.2 
( )" 

-

236.0 1.5 
(0.878-2.1) 

4.4 0.276 
(0.156-0.396) 

1.55 
(0.712-2.38) 

-

263.0 3.45 
(2.41-4.5) 

4.4 0.3 
( )" 

3.2 
( )" 

-

values obtained by use of advective-dispersive transport model; numbers in 
parentheses report 95% confidence limit 

values obtained by use of rate-limited mass transfer model w/ fixed value of P = 
200; numbers in parentheses report 95% confidence limit 

values of confidence limit not reported due to negative range 
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Figure Captions: 

Figure I. Experimental apparatus for measuring - transport in unsaturated porous 

medium. 

Figure 2. Examples of breakthrough curves obtained from transport of gas-phase 

contaminants in the unsaturated homogeneous porous media at gas velocity 

170 cm min '. (Lines represent experimental data for better visualization.) 

Figure 3. Transport of methane in unsaturated homogeneous porous medium - effect 

of velocity. (Lines represent experimental data.) 

Figure 4a. Transport of TCE in the unsaturated homogeneous porous medium - effect 

of velocity. 

Figure 4b. Transport of Benzene in the unsaturated homogeneous porous medium -

effect of velocity. 

Figure 4c. Breakthrough curves of methane, TCE and benzene in the unsaturated 

homogeneous porous medium. (Lines represent experimental data.) 

Figure 5. Breakthrough curves of methane transport through homogeneous and 

heterogeneous unsaturated porous media. (Lines represent experimental 

data.) 

Figure 6. Transport of methane in the unsaturated heterogeneous porous medium -

effect of velocity. (Lines represent experimental data.) 
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Figure 7. Transport of TCE in the unsaturated heterogeneous porous medium - effect 

of velocity. (Lines represent experimental data.) 

Figure 8a. Experimental data and predictions of TCE breakthrough curve during 

transport in unsaturated heterogeneous porous medium; v = 90 cm min 

P = 100, R = 4.7, p, = 0.365, P, = 0, p, = 0.380, p, = 0.255, co = 0.5, k," 

= 0.132. 

Figure 8b. Experimental data and predictions of TCE breakthrough curve during 

transport in unsaturated heterogeneous porous medium; v = 90 cm min"', 

p = 100, R = 3.7, p, = 0.463, p, = 0, p, = 0.483, p4 = 0.054, O) = 0.375, 

k," = 0.006. 

Figure 8c. Experimental data and predictions of TCE breakthrough curve during 

transport in unsaturated heterogeneous porous medium; v = 90 cm min 

P = 100, R = 4.4, p, = 0.390, p, = 0, p, = 0.406, p^ = 0.054, O) = 0.500, 

k,'' = 0.100. 

Figure 8d. Experimental data and predictions of TCE breakthrough curve during 

transport in unsaturated heterogeneous porous medium; v = 90 cm min 

P = 100, R = 4.4, p, = 0.390, p, = 0, P, = 0.406, p, = 0.054, CO = 0.500, 

= 0.100. 
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This study was performed to investigate retention of gas-phase contaminants 

during transport in unsaturated porous media. Gas-flow experiments were conducted 

using columns packed with glass beads and an aquifer material. Moisture contents were 

11.9% and 9.4% for glass beads and aquifer material, respectively. Contaminant 

retardation was the sum of retention by the gas, aqueous, and solid phases, and 

a c c u m u l a t i o n  a t  t h e  g a s - w a t e r  i n t e r f a c e .  T h e  r e s u l t s  i n d i c a t e  t h a t  6 2  -  7 3 %  a n d  5 3 - 6 1 %  

of total trichloroethene and benzene retardation, respectively, was due to accumulation at 

the gas-water interface during transport in the column packed with glass beads. 

Retardation of trichloroethene in the aquifer material was lower than in the glass-beads 

column due primarily to smaller interfacial area. Nevertheless, 30 to 50% of 

trichloroethene mass was retained at the interface during transport through the aquifer 

material. 
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Introduction 

Soil venting is generally an efficient and cost-effective technology for removal of 

volatile organic compounds from the vadose zone. Transport and removal of these 

compounds, which influences soil-venting efficiency, is affected by physical, chemical, 

and biological interactions between porous media and solutes. Retention of gas-phase 

contaminants is of particular interest because of the delay caused in mass removal. 

Retention of gas-phase contaminants in porous media has generally been considered to 

include adsorption on mineral surfaces, partitioning into soil organic matter, and 

dissolution in water. However, in some cases retention of contaminants was found to be 

greater than that attributable to solid-phase sorption and partitioning into water (1-4). The 

additional retention has been attributed to adsorption on gas-water interfaces. 

The process of gas-water interfacial adsorption was studied in chromatography (5-

9) and later described in environmental applications by Valsaraj (10). Several studies 

have since shown that adsorption on gas-water interfaces could contribute to retention in 

unsamrated soil systems (1-4, 11). The contribution of interfacial accumulation to total 

retention is controlled by the hydrophobicity of the compound and the interfacial area. 

Pennel et al. (1992) (1) studied sorption of p-xylene by unsaturated soils and clay 

minerals. The authors found that adsorption of p-xylene on the air-water interface 

accounted for about 50% of its total retention. The effect of interfacial adsorption on 

transport of gas-phase contaminants was examined by Conklin et al. (1995) (4). The 

authors studied rate-limiting processes affecting the efficiency of removal of volatile 
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organic compounds from soils. Two processes examined were mass transfer across the 

interface and intraparticie diffusion. In their experiments there was minimal accumulation 

of benzene at the interface. Conversely, up to 60% of p-xylene accumulated at the 

interface. The authors hypothesized that the interfacial area increases with increasing 

moisture content, and, therefore, the accumulated amount also increased. 

The purpose of this research is to examine processes contributing to the retention 

of gases during their transport through columns packed with synthetic and natural porous 

media. The main goal of the research was to examine the contribution of adsorption at 

the gas-water interface to total retention of gases. 

Materials and Methods 

Materials 

The experimental apparatus (Figure 1) was constructed from stainless steel (SS) 

and glass to obtain an inert system. We used 3.2 mm SS tubing and SS Swagelok fittings 

(Swagelok, Arizona Valves and Fittings Co., Phoenix, AZ) for all connections. A glass 

column 145 mm long and with an internal diameter of 79 mm was used for experiments 

with homogeneous synthetic porous media. Porous SS diffusion plates (2 p.m nominal 

pore diameter) on both ends of the column ensured an even distribution of gas across the 

cross section of the column. 

Experiments using natural aquifer material were conducted with a SS column 

(MODcol Corp., St. Louis, MS), which was 100 mm long and had internal diameter of 
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50.8 mm. The aquifer material was supported by bed support frits (porosity 2 to 4 |j.m, 

diameter 54 mm) on both ends of the column. An even distribution of gas across the 

column was ensured by disperser frits (porosity 50 to 60 ^m, diameter 49 mm) placed on 

both ends of the column. 

Unsaturated homogeneous porous medium. Glass beads of 0.59 mm diameter 

(Scientific Instrument Services, Inc., Ringoes, NJ) were used to establish a homogeneous 

porous medium. Prior to use, the glass beads were soaked in Nonchromix solution for 

12 h and washed with nanopure water until the pH of the rinsate was neutral. The glass 

beads were oven dried (lOST) and then packed into the column. The system was 

saturated with nanopure water and then drained by gravity. While draining, the column 

was turned upside down every 4 to 5 days to help obtain a uniform distribution of water 

throughout the porous medium. The total draining time was 26 days. Column draining 

was considered complete when no water exited the column. Residual moisture content 

was estimated gravimetrically by weighing the column prior to and following the drainage 

procedure. Using the described technique we obtained a residual moisture content of 

11.9%. Physical properties of the system are reported in Table 1. Moisture content of 

the porous medium was examined gravimetrically for potential loss prior to and following 

the experiments. We did not record any change in mass as a result of the experiments. 
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Unsaturated natural porous medium. Aquifer samples were collected from the depth 

of 145 to 150 ft below ground surface using air percussion coring at a Superfund site in 

Tucson, AZ. The sediments were stored in a high density polyethylene bucket with 

lockseal lid at room temperature. Prior to experiments, the sediments were oven-dried 

in aluminum pans at approximately 40 to 45"C and then sieved through 2 mm sieve. The 

< 2 mm material was used for our column experiments and consisted of 89.5% sand, 

4.1% silt, and 6.4% clay. 

Porous material used for the column experiments was heated in the oven ovemight 

at approximately 106''C and then autoclaved at 120"C for 20 min. Prior to column 

packing, the sample was mixed with nanopure water to achieve approximately 10% 

moisture content by weight. Subsequently, the column was packed in approximately 1 

cm increments. Following the experiments porous material from the column was dried 

in the oven at 106"C to determine gravimetrically values of bulk density, porosity, and 

moisrnre content (Table 1). The pore volume of each column was calculated from total 

volume of the column and air-filled porosity. 

Methods 

A high pressure cylinder (Scott Specialty Gases, Inc., San Bernardino, CA) served 

as the source of nonsorbing (methane) and sorbing (trichloroethene, benzene) tracers. The 

concentration of each tracer was 100 ppm (vol/vol) in nitrogen, which was used as a 

carrier gas because of its compatibility with the gas chromatography and flame ionization 
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detector system. The studies of trichloroethene (TCE) in natural porous medium were 

performed with two different input concentrations (Q), 100 ppm (vol/vol) and 

approximately 50 ppm C/4Co). Lower initial concentration of contaminant was achieved 

by addition of nitrogen to tracer gas during transport. 

The output pressure of gas from the cylinder was adjusted by a two-stage regulator 

to 12-15 psi. A three-way valve was used to switch between carrier and tracer gas after 

initial calibration and adjustment of the system. Prior to the entry of gas tracer to the 

column, its flow was regulated by a needle valve (Swagelok, Arizona Valves and Fittings 

Co., Phoenix, AZ), measured by use of a 100 mm-flowmeter (Cole Palmer Instrument 

Co., Niles, E.), and then humidified by purging through a gas washing bottle with 

nanopure water to avoid loss of moisture from the column. Two humidifiers were used: 

one for the line with tracer gas and the other for the nitrogen line. This setup ensured 

both gas lines to be free from background levels of tracer during the initial phases of 

injecting and eluting the tracers. 

When low flow rates (5 to 25 cm min ') were used, the entire flow was directed 

to the gas chromatograph (GC-14A, Shimadzu). For the experiments with high flow rates 

(30 to 200 cm min '), the flow was split to maintain the pilot flame of the detector. The 

concentration data were collected using a voltmeter with a PC interface and computer. 

This system allowed for continuous detection of breakthrough curves. 

We adjusted all data for dead volume of the system. The dead volume (ratio of 

volume of the system without the column and column pore volume) was calculated based 
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on measured values of flow rate and time necessary for gas to pass through the system 

without the column. System calibration was achieved prior to every experiments via extra 

line bypassing the column. 

Analysis of data. Values for the Retardation factor, R„, were obtained for each data set 

by use of moment analysis. Values of were compared to predicted values (R^) 

calculated as follows: 

D _T , ® wr , P b̂ DsaC ( 2 )  

where 0„ is moisture content, 0, is air filled porosity, K„ (dimensionless) is Henry's 

constant, Kd^ (cm' g"') is aqueous sorption coefficient, and Pi, (g cm ') is soil bulk density. 

Terms on the right-hand side of eq 1 describe mass of compound present in the gas, 

aqueous, and sorbed phases, respectively. This equation does not take into account 

accumulation of compounds at the gas-water interface. Inclusion of this term to total 

retention of gases results in (4): 

p , P b^Dsac ^ ^lA^lA (3) 

where (cm) is adsorption coefficient between gas and water interface, and A,a (cm-

cm') is specific surface area of the gas-water interface. Values of solubility, Kh, and K,^ 
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for the three compounds are reported in Table 2. Using eq 2 and values of the measured 

retardation factor for methane, we were able to estimate interfacial surface area (A,a)-

Relative contributions of retention processes to total retardation were estimated as 

the mass fraction of contaminant present in the gas phase (fj, in water (f^), sorbed by 

solids (f,), and adsorbed on the gas-water interfaces (fj as follows: 

(3a) 

(3b) 

f 
S D 

(3c) 

(3d) 
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Results and Discussion 

Retention of gas-phase contaminants in synthetic porous medium. Breakthrough 

curves of methane were symmetrical and not affected by gas pore velocity (Figure 2). 

Methane was retarded during transport in the homogeneous porous medium (R„ = 1.7-

2.5). The change in the magnitude of the retardation factor correlated with a change in 

gas pore velocity. 

The predicted retardation factor (Rp) for methane was 1.02 calculated using eq 1 

(Table 3). This calculation includes retention only by the gas and aqueous phases. The 

measured values exceeded the predicted values. Based on eq 1 and an assumption of 

no solid-phase sorption of methane, adsorption on the gas-water interfaces is the only 

remaining factor that could contribute to additional retardation of methane. 

Using eq 3a - 3d we estimated that approximately 50 to 60% of the total mass of 

methane was adsorbed on gas-water interfaces (Table 3). Given the methane adsorption 

constant for the gas-water interface K,a = 0.046 x 10"* cm (12) and assuming no solid-

phase sorption, we calculated the surface area (cm' cm'O of gas-water interfaces in the 

homogeneous medium to range from 40,504 to 88,156 cm" cm '. The effect of velocity 

on the values of R, and thus A, could be related to a lower sensitivity of the detector to 

contaminant mass at larger velocities or to changes of interfacial area with changes in 

velocity. 

Examples of breakthrough curves for TCE and benzene are shown in Figure 3. 

The retardation factors of TCE and benzene were in the range of 6.6 to 9.5 and 8.3 to 
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10.1, respectively. We again observed the correlation between values of R„ and gas pore 

velocity. Experimental values were compared to predictions calculated by use of eq 1, 

for which it is assumed that contaminant is present in gas phase, dissolved in aqueous 

phase, and sorbed on solid surfaces. We assumed sorption to be equivalent to that 

occurring in an aqueous system (Kd=Ko^) based on the high moisture content in our 

system. A value of Kd«„ for TCE was obtained from saturated column experiments 

performed in our laboratory (0.03 cm^ g '). A value for benzene was adapted from work 

by Conklin et al. (0.038 cm' g ') (4). Predicted values of Rp underestimated experimental 

values for both trichloroethene and benzene, respectively (Table 3). Consequently, 

additional retardation of both tracers was attributed to their accumulation at the gas-water 

interface. 

Knowing the value of A^ from the methane data allowed us to predict retardation 

factors (Rtp) for TCE and benzene using eq 2. Predicted retardation of TCE was in the 

range of 3.9 to 8.5 and 6.5 to 14.2 for benzene. The wide range of predicted Rjp values 

is a result of the range of A,a values. It is apparent that predictions of Rxp are in better 

agreement with measured R,„ values when adsorption on gas-water interfaces is included 

in the calculations. These results suggest that 62 - 73% and 53 - 61% of total TCE and 

benzene mass, respectively, was adsorbed on gas-water interfaces (fj. It is clear that a 

higher mass fraction of benzene than TCE was dissolved in immobile water (fj. This 

result is expected due to the higher aqueous solubility of benzene in water (1,780 mg 1') 

compared to that of TCE (1,1(X) mg 1'). 
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Retention of gas-phase contaminants during transport in aquifer material. 

Breakthrough curves for methane and TCE transport through the aquifer material are 

shown in Figure 4. Methane showed smaller retardation during transport in the aquifer 

material. However, the retardation factors of 1.4 to 1.5 still exceed the predicted 

retardation values (Table 4). Since methane is not sorbed, the increased retention of 

methane is attributed to accumulation on gas-water interfaces. We estimated that 

approximately 30% of methane was present at the interface fj (Table 4). This mass 

fraction is about half the amount present at the interface in the synthetic porous medium. 

The estimated interfacial area is in the range of 19,5(X) to 24,500 cm* cm '. This value 

is used for predictions of total retardation factors for TCE using eq 2. 

The retardation factor for TCE transport ranged from 3.2 to 4.6 (Table 4), (Figure 

4, 5). The retardation of different concentrations of TCE was not significantly different 

(Table 4). The fact that retention of TCE was not a function of concentration indicates 

that sorption of TCE by the aquifer materials is linear. Predictions of retardation of TCE 

based on eq 1 again underestimates our measured values (Table 4). We assumed in this 

prediction that solid-phase sorption of TCE in the unsaturated media to be equal to 

sorption in saturated media. We obtained Kd^ = 0.01 cm' g"' from separate experiments 

and used it for predictions of Rp using eq 1, which accounts for gas, aqueous, and sorbed-

phase mass. Accumulation at the gas-water interface is included in the prediction of total 

retardation (Rtp) defined by eq 2. We calculated values of Rtp to be in the range of 4.4 

to 5.0. With one exception, all measured values of Rt^ are in this range, which shows that 
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accounting for accumulation at the gas-water interface provides a more accurate prediction 

of retardation factors. 

Calculations of mass fractions demonstrate that approximately 22 to 32% and 30 

to 50% of TCE was retained in the aqueous phase and at the interface, respectively. 

These fractions are lower compared to the ones calculated for the synthetic porous 

medium. In addition, retardation of TCE is smaller compared to that for the synthetic 

porous medium. Reasons for these differences may be related to different moisture 

contents and interfacial areas. The moisture content present in the synthetic porous 

medium was approximately 21% higher than for the aquifer porous medium. An increase 

of interfacial surface area as a result of increased in moisture content was reported by 

Conklin et al. (4). 

In conclusion, our study shows that accumulation at the gas-water interface 

contributes significantly to total retention of gzis-phase contaminants during their transport 

through unsaturated porous media. We observed increased retention of TCE in both 

synthetic (glass beads) and aquifer material. Accumulation of TCE at the gas-water 

interface contributed by 30 to 50% to total contaminant retention. 
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Table 1. 

Properties of the porous media 

parameter synthetic natural solids 

p, (g cm')* 1.61 1.79 

0 0.393 0.324 

0w 0.119 0.094 

0.30 0.29 

0. 0.274 0.230 

(cm') 194.6 46.62 

* particle density Pp = 2.65 g cm"' 
Vp„„ is gas pore volume of packed bed 

Table 2. Properties of chemicals 

Chemical Aq. solubility* K„' Ku" 
(mg l ') (dimless.) (10* cm) 

Methane 24.0** 27.0 0.046' 

Trichloroethene 1.100 0.40 0.264 

Benzene 1,780 0.23 0.443 

Ong et al., (13) 
Verschueren, (15) 
Schwarzenbach et al., (14) 
Hoff et al., (2) 
Valsaraj, (12) 

* 

** 

t 

fi 

i 



Table 3. Retardation of gases in liomogeneous porous media 

V (cm min ') K K RTP f. f. f. 

Methane 60.0 2.5 1.02 - 0.400 - 0.594 0.006 

180.0 2.2 1.02 - 0.454 - 0.539 0.007 

180.0 2.1 1.02 - 0.476 - 0.517 0.007 

270.0 1.7 1.02 - 0.588 - 0.403 0.009 

TCE 10.0 9.5 2.5 3.9-8.5 0.105 0.046 0.734 0.115 

56.0 6.6 2.5 3.9-8.5 0.151 0.067 0.617 0.165 

170.0 9.0 2.5 3.9-8.5 0. 1 1 1  0.049 0.719 0.121 

260.0 7.0 2.5 3.9-8.5 0.143 0.063 0.638 0.156 

270.0 6.7 2.5 3.9-8.5 0.149 0.066 0.622 0.163 

Benzene 10.0 10.1 3.9 6.5-14.2 0.099 0.099 0.614 0.188 

56.0 9.8 3.9 6.5-14.2 0.102 0.102 0.602 0.194 

170.0 8.3 3.9 6.5-14.2 0.120 0.120 0.531 0.229 

270.0 8.5 3.9 6.5-14.2 0.118 0.118 0.541 0.223 



Table 4. 

Retardation of gases in aquifer material 

V (cm min ') Rp ^Tp f. fw 

Methane 90.0 1.4 1.01 - 0.714 0.007 - 0.279 

95.0 1.5 1.01 - 0.667 0.007 - 0.326 

TCE (C„) 68.0 4.6 2.2 4.4-5.0 0.217 0.222 0.042 0.519 

90.0 3.4 2.2 4.4-5.0 0.294 0.300 0.057 0.349 

90.0 3.8 2.2 4.4-5.0 0.263 0.268 0.051 0.418 

170.0 3.5 2.2 4.4-5.0 0.286 0.294 0.056 0.364 

TCE C/JCo) 95.0 6.4 2.2 4.4-5.0 0.156 0.159 0.030 0.655 

90.0 3.2 2.2 4.4-5.0 0.312 0.319 0.061 0.308 

160.0 3.2 2.2 4.4-5.0 0.312 0.319 0.061 0.308 

160.0 3.3 2.2 4.4-5.0 0.303 0.309 0.059 0.329 
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Figure captions: 

Figure I. Experimental apparatus - transport in unsaturated porous medium. 

Figure 2. Breakthrough curves for methane transport in the unsaturated synthetic 

homogeneous porous media at different gas velocity. (Lines represent 

experimental data for better visualization.) 

Figure 3. Transport of methane, trichloroethene, and benzene through glass beads 

material. (Lines represent experimental data.) 

Figure 4. Transport of methane and trichloroethene in unsaturated aquifer material 

at gas velocity 90 cm min '. (Lines represent experimental data.) 

Figure 5. Effect of gas velocity on transport of trichloroethene in aquifer material. 

(Lines represent experimental data.) 

Figure 6. Breakthrough curve of trichloroethene transport through unsaturated aquifer 

material - effect of different input concentration. (Lines represent 

experimental data.) 
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Figure 1. Experimental apparatus - transport in unsaturated porous medium. 
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Figure 2. Breakthrough curves for methane transport in the unsaturated synthetic homogeneous 

porous media at different gas velocity. (Lines represent experimental data for better 
visualization.) 
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