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Abstract 

Determination of the effective gas-phase diffusion coefficient is important to 
quantify gas diffusion for a number of environmental pollution problems 
involving migration and release of hazardous gases or organic vapors in soils.  
Conventionally, the only considered transport mechanism for this coefficient is 
molecular diffusion.  This study additionally considers the effects of Knudsen 
diffusion and nonequimolar flux on this coefficient and proposes a relationship 
of this coefficient with both molecular and Knudsen diffusion coefficients, ratio 
of molar masses and composition of component gases for gas diffusion in soils.  
Through investigating calculation results of this relationship for hypothetical 
diffusion systems having different soil permeabilities and diffusing gases at a 
range of water saturation levels, it is found that the Knudsen and nonequimolar 
effects can only be substantial for systems with dry soil permeabilities less than 
10-13 m2 at any saturation.  The Knudsen effect on this relationship is further 
demonstrated through comparing results obtained from this relationship to the 
measured effective diffusion coefficients for 72 soil cores, which all have high 
silt and clay contents, given in the literature.  
Keywords:  gas diffusion in soil, molecular diffusion, Knudsen diffusion, 
diffusibility. 

1 Introduction 

Volatile organic compounds (VOCs) are common groundwater contaminants 
threatening our environment.  Volatile contaminants can quickly spread in the 
subsurface by vaporization at dissolved or free phase and by gas phase transport 
through soil pores.  Gas diffusion is an important transport mechanism 
controlling migration and distribution of volatile contaminants.  Other 
environmental pollution problems such as emissions of methane, CO2 or organic 
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vapors from landfills [20], emissions of fumigant and pesticide [14] and 
migration of naturally generated radon through soils and foundation materials 
[16] can also be dominated by gas diffusion.  Besides, mass of volatile chemicals 
can naturally be reduced through gas diffusion in contaminated soils.  Therefore, 
an accurate quantification of gas diffusion becomes important for assessment of 
natural attenuation, remediation and monitoring network design and risk 
assessment of contaminated sites. 

Fick’s first law of diffusion is conventionally applied to compute diffusive 
flux of a gas component in soils.  In the application, the air-filled gas-phase 
diffusion coefficient is modified by a diffusibility factor, leading to the so-called 
effective diffusion coefficient, to account for the impedance to diffusion caused 
by the tortuous nature of pores in soils.  Determination of the diffusibility factor 
is important in predicting the magnitude of gas diffusion, and thereby delineating 
other transport and fate processes in soils.   

In the past, numerous experimental studies proposed various relationships of 
the diffusibility factor with soil porosity, air-filled porosity and some empirical 
constants, e.g., [5, 8, 22, 26].  Millington and Quirk [18], Ball [4], Friejer [10] 
and Schaefer et al. [24] treated the porous structure of soil as joint tubes and 
developed theoretical models for this factor.  Van Duin [27] and Lahvis et al. 
[17], however, used experimental and/or field data to determine the diffusibility 
factor as functions of air-filled porosity and several fitting constants.  Moldrup et 
al. [19] and Weerts et al. [30] assessed the dependence of this factor on soil 
water characteristic parameters of disturbed and undisturbed soils.  

A rigorously constitutive relationship of component gas diffusive flux in 
soils is described by the Dusty Gas Model (DGM) equations [7].  The 
component diffusive flux for multicomponent gas diffusion in soils can be a 
Fickian expression only under specific conditions.  For example, Jaynes and 
Rogowski [12], Amali et al. [2] and Webb and Pruess [29] mentioned a Fickian 
expression is valid only for a binary gas diffusion system with a trace gas and for 
a ternary gas diffusion system with a stagnant gas.  Fen and Abriola [9] used the 
DGM equations to obtain the component diffusive flux in a Fickian form for a 
two-component gas transport system with gas components of equal molecular 
masses under isothermal and isobaric conditions.  A correction factor, called the 
obstruction factor, is defined in the DGM, to account for the obstruction of soil 
particles to molecular diffusion.  Brugeman [6], Neale and Nader [21] and Abu-
El-Sha’r and Abriola [1] applied the DGM theory and conducted equimolar 
countercurrent diffusion experiments in porous systems to determine this factor 
as functions of air-filled porosity.  Abu-El-Sha’r and Abriola [1] also determined 
the Knudsen diffusion coefficient for single gas flow systems with the same soil 
samples as the ones used for determining the obstruction factor in two-
component gas diffusion experiments.  However, the Knudsen effect is not 
pronounced in their diffusion experiments, as a result that the diffusibility factor 
is equivalent to the obstruction factor. 

It is shown that Fick’s law is generally applied to gas diffusion in soils. A lot 
of experiments have been done to find the relationships among the effective 
diffusion coefficient, air-filled molecular diffusion coefficient, total and air-filled 
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porosities of soil.  Seldom has considered the coupling effect of molecular and 
Knudsen diffusions in low permeability soil systems and the nonequimolar effect 
due to unequal molecular masses of the diffusing and ambient gases on gas 
diffusion.  For the application of Fick’s law to the interpretation of laboratory 
data for gas diffusion in soil columns, two questions need to be clarified: 
(1) what is the specific soil condition under which Knudsen diffusion is 
substantial and should be considered in the effective diffusion coefficient? 
(2) How significant is the nonequimolar effect on gas diffusion in soil systems?    

This study intends to resolve these questions by conducting a series of 
laboratory experiments and assessing the dependence of the diffusibility factor 
on the Knudsen diffusion coefficient, gas component and composition.  These 
experiments are being undertaken and aim at independently determining the 
obstruction factor for two-component gas diffusion and the permeability and 
Knudsen diffusion coefficients for single gas flow in low permeability soil 
systems with the same soil samples.  A literature survey of existing correlations 
of the effective diffusion coefficient was also carried out and the corresponding 
experimental data was used to analysis the relative importance of molecular and 
Knudsen diffusions and the nonequimolar effect.  This paper presents this study 
result. 

2 Materials and methods 

Without considering surface, temperature diffusions and the gravitational effect, 
the DGM equations are expressed as 
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in which n is the total number of gas components in the gas mixture; Xi is the 
mole fraction of component i; D

iN̂ is the total diffusive flux of component i [mol 
m-2s-1]; T is the absolute temperature [oK]; R is the universal gas constant [kg 
m2sec-2 oK-1 mol-1]; pi is the partial pressure of component i [kg m-3 s-2]; o

ijD  is the 
air-filled binary molecular diffusion coefficient of gas pair i and j [m2sec-1]; Qm is 
the obstruction factor; and K

iD  is the Knudsen diffusion coefficient of 
component i [m2sec-1].  Thorstenson and Pollock [25] provided the following 
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where ke is the gas effective permeability [m2] and rge kkk = in which k is the 

intrinsic permeability [m2] and krg is the gas relative permeability; µi is the 
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dynamic viscosity of component i [kg m-1s-1]; bi is the Klinkenberg parameter 
[Pa].  According to [23], bi can be determined by the following relationship 
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where Mair and Mi are molar masses of air and component i [kg mol-1]. 
According to [9], for a binary system of components A and B under isobaric 

condition, the total diffusive flux for each component can be written explicitly by 
manipulation of eqn (1): 
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where ∑= iCC  is the molar concentration of the gas mixture (mol m-3); 
2/1)/(1 BAA MMa −= . 

When both components have equal molecular masses in the system, the flux 
is expressed as 
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Fick’s law of diffusion applied to gas diffusion in soil systems is expressed as 
 

 i
o
ij

D
i CQDN ∇−=                                                               (6) 

 

where Q is the diffusibility factor and is generally used to account for the 
impedance of soil particle to gas diffusion.  A comparison of eqns (4) and (6) 
reveals that the diffusibility factor defined in Fick’s law of diffusion can be 
composition-dependent and is related to the obstruction factor as follows: 
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Eqn (7) can be further simplified to become: (1) K
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The relationship shown in eqn (7) reveals that independent experiments for 
assessing both the obstruction factor and the Knudsen diffusion coefficient for 
the same soil sample are required to verify the dependence of the diffusibility 
factor on these two parameters.  Obviously, these experiments need to be 
conducted in low permeability soil columns and different diffusing gases should 
be considered to investigate the nonequimolar effect.   

To identify the relative importance of molecular and Knudsen diffusions 
under a variety of soil conditions, the diffusibility is assessed for a series of 
hypothetical gas diffusion systems.  The diffusibility factor is calculated 
according to eqn (7) with neglecting the XA term (i.e. assuming diffusing gas is 
dilute in these hypothetical systems) and compared to the obstruction factor, 
which is calculated based on Millington and Quirk relationship.  Soil systems 
with different permeabilities and diffusing gases at different levels of water 
saturation were considered in the calculation.  Note that the Knudsen diffusion 
coefficient is related to gas permeability, which depends on soil type and water 
saturation, i.e., eqns (2) and (3). 

In this study, the measured results of the diffusibility factor for different gas 
diffusion experiments, specifically, in low permeability soils, were collected 
from literature, which include those presented in [3, 4, 10, 11, 13, 15, 28, 31], for 
totally 72 soil cores, which all have sand content less than 15 %.  Different gas 
components were used as a diffusing gas in these experiments.  Air is used as an 
ambient gas.  For most of these diffusion experiments, soil or gas permeability 
was not measured.  For assessing the Knudsen effect on gas diffusion in these 
soil systems, an empirical relationship of soil permeability with soil composition 
is used in this study  
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where θT is the total porosity of the soil sample; m is a packing factor determined 
experimentally to be about 5; α is a sand-shape factor varying from 6 for 
spherical grains to 7.7 for angular grains; fi is the fraction of sand held between 
adjacent sieves; and dm is the geometric mean of the rated size of adjacent sieves.  
Note that eqn (8) does not work well for the porous medium composed of fine-
grained material. 

3 Results and discussion 

The diffusibility factor was calculated based on eqns (2), (3) and (7) for several 
hypothetical diffusion systems, in which CO, TCE or CH4 is considered as a 
diffusing gas and N2 is an ambient gas.  This calculation also considers a range 
of soil permeabilities from 10-10 to 10-16 m2 and water saturation levels between 
0.4 and 0.8.  The obstruction factor was calculated based on [18].  A reduction of 
gas permeability due to partial saturation of soil is evaluated according to Brook 
and Corey’s relationship.  Figure 2 presents the percentage difference between 
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the calculated values of the diffusibility and the obstruction factors related to 
water saturation of soil and the corresponding soil effective permeability.  The 
difference is minimal for the diffusion systems with dry soil permeabilities 
greater than 10-13 m2.  This implies the Knudsen effect can be neglected for gas 
diffusion in soil systems within this dry soil permeability and the tested 
saturation ranges.  For soil systems with dry soil permeabilities less than 
10-13 m2, the difference starts to be significant, which is 6% at least and 75% at 
most for these studied cases.  Soils in this permeability range have high silt and 
clay contents.  Besides, the diffusibility values are less than those of the 
obstruction factor when considering the Knudsen effect in the diffusibility.  
Different diffusing gas also makes the difference changed even though the gas is 
dilute in the system.  For all of the studied cases, the difference for the CO/N2 
system is the greatest and for the CH4/N2 system is the least.  As dry soil 
permeability decreases, discrepancies of the difference between different 
diffusing gas systems also increase.  Note that the difference does decrease as the 
soil water saturation increases.   
 
 

 

Figure 1: Comparison of values of the diffusibility and the obstruction factors 
for gas diffusion systems with a dry soil permeability of: 
(a) 10-10 m2; (b) 10-12 m2; (c) 10-13 m2; (d) 10-14 m2; (e) 10-15 m2; 
(f) 10-16 m2, at different water saturation levels 
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Eqn (7) is also used to evaluate the diffusibility factor based on the 
experimental data given in articles by assuming that the corresponding diffusion 
experiments all involve a dilute diffusing gas.  Results were compared to the 
diffusibility values provided in the articles as shown in figure 2.  Values of the 
obstruction factor in eqn (7) for [4, 28, 31] were calculated based on the 
correlation provided in [1] and for the others are based on [18].  Soil 
permeability values for the tested soil cores in these experiments were not 
provided in the referred articles.  Hence, they were determined by fitting the 
diffusibility values obtained from eqn (7) to the ones provided in these articles.   
The permeability values obtained by the fitting are in the range between 10-13 
and 10-20 m2, which is consistent with the permeability range for soils having 
high silt and clay contents.   In this permeability range the difference between the 
diffusibility and obstruction factors is substantial as shown in figure 1.  This 
implies that soil permeability (or the Knudsen diffusion coefficient) is an 
important factor affecting gas diffusion in these experiments and should be 
considered in the diffusibility factor.  Permeabilities of the soil cores in these 
diffusion experiments are also evaluated according to eqn (8) and compared to 
the permeability values obtained by the fitting.  Figure 3 shows that the 
permeability values obtained with the empirical equation are generally greater 
than the ones obtained by the fitting, implying that soil permeability is 
overpredicted by eqn (8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Comparison of the diffusibility factors calculated with eqn (7) and 
those given in the articles. 
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Figure 3: Comparison of the permeability values determined from fitting the 
diffusibility data and the ones calculated with eqn (8). 

4 Conclusions 

According to the study result, some conclusions are made as follows: 
(1) The diffusibility factor for Fick’s law of diffusion is identical to the 

obstruction factor defined in the DGM equations for diffusion systems 
with dry soil permeabilities greater than 10-13 m2 at water saturation 
levels ranging from 0.4 to 0.8.  However, for systems with lower dry 
soil permeabilities at any saturation, these two factors are not identical. 

(2) Use of different gas components in diffusion experiments can obtain 
different diffusibility results for systems with dry soil permeabilities 
less than 10-13 m2 even though diffusing gases are dilute in the systems.   

(3) Incorporation of the Knudsen diffusion coefficient into the diffusibility 
factor helps to adequately assess gas diffusion in soil systems.  For this 
assessment, the obstruction factor and soil permeability should be 
determined independently through two-component gas diffusion and 
single gas flow experiments on the same soil sample.  The Knudsen 
effect on the diffusibility factor is demonstrated through comparing 
results obtained with this diffusibility to the measured diffusibilities for 
72 soil cores, which all have high silt and clay contents, given in papers. 
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