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ABSTRACT 

Soil vapor extraction (SVE) process for contaminated soil remediation often shows a tailing of 
the breakthrough concentration in the contaminant plume and rebounding of gaseous phase 
concentration after a pause of the extraction operation. These phenomena are believed to have 
something to do with the limitation of mass transfer between mobile fluid and some stagnant 
aggregates or clay lens. An advection-diffusion mass transport model in unsaturated soil with the 
consideration of diffusive mass transfer between the mobile regions and the immobile regions was 
adopted to simulate the rebounding of gaseous phase concentrations of some volatile organic 
compounds (VOCs). Experimental results of a pilot scale SVE showed that after being lowered to 
one-tenth of the initial concentration levels, concentrations of VOCs in the monitoring well 
rebounded significantly up to about 20% of the initial concentrations again. Model simulation could 
explain the rebounding phenomenon and fit the data well by only adjusting the volume fraction of 
the immobile regions, the averaged radius of the aggregates and the standard deviation of the 
logarithmic mass transfer coefficient. The model will be able to assist the designing of the SVE 
system and operational strategy, and the prediction of the performance of the clean-up action. 
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INTRODUCTION 
 
In-situ soil vapor extraction (SVE) is one of the 

common approaches for the remediation of vadose 
zone of soils contaminated by volatile organic com-
pounds. Although SVE has been shown to be effective 
in reducing pollutant contents in soil, there are limita-
tions to its use. The SVE process often shows an ini-
tially fast pace of removing contaminants followed by 
an extremely slow pace. The tailing phenomenon of 
the breakthrough of contaminant plume results in a 
clean-up time ten to a hundred times longer than the 
fluid contact time [1-3]. Also, with SVE approach be-
ing used, the concentrations of the organic contami-
nants in the soil gas are reduced rapidly to a very low 
level in a short period of time; however, after a brief 
pause in the extraction operation, the contaminant 
concentrations in the soil gas rise sharply to reach a 
new plateau. This phenomenon has been named the 

“rebounding” effect [4-5]. 
For physically adsorbed organic compounds, the 

rates of adsorption or desorption with mineral surfaces 
(or organic films on mineral grains) are usually fast, 
and the system could reach equilibrium as quickly as 
in a few min or up to a few h [6-9]. Thus, the tailing 
and rebounding phenomena must have something to 
do with the slow fluid movement in certain mass-
transfer-limiting regions in soils. Inside the stagnant 
areas there is a very low flow of fluid due to the fine 
texture of the soil matrix (like fine clay particles) or 
an existence of aggregates containing a denser fluid 
(e.g., water) relative to that (e.g., air) in the bulk re-
gion (the dark areas in Fig. 1). The solutes cannot be 
easily removed from the area for there is no fluid ad-
vection in the stagnant region. 

In order to describe the phenomenon of tailing 
and rebounding of a pollutant breakthrough curve, re-
searchers   have   modeled   the  pollutant  transport  in 
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Fig.1. A heterogeneous soil zone contains many 

stagnant regions (the dark areas) in which the 
advection is insignificant due to a low hydraulic 
conductivity and the mass transfer occurs only by 
diffusion. 

 
groundwater by a two-region model which divides the 
soil matrix into two regions (sites), in one of which 
the transport is controlled by advection and in another 
the transport is controlled by pollutant mass transfer. 
Researchers also described the rate of uptake and re-
lease of an organic compound in and out of an immo-
bile region by a first-order mass transfer model; that is, 
the rate of concentration change is proportional to the 
difference of the concentrations: 

)(rate gimgm CC −= α  (1) 

where α is the first-order mass transfer coefficient  
(h-1), Cgm is the gaseous concentration in the mobile 
region (mg cm-3) and Cgim is the gaseous concentration 
in the adjacent immobile region (mg cm-3) [4, 10-19].  

Although the two-region model is simple, this 
model could not explain the phenomenon of tailing 
with a single uniform transfer coefficient. Culver et al. 
[20] and Deitsch et al. [21] have instead separated soil 
stagnant regions into many classes, with each class be-
ing assigned a specific mass-transfer coefficient. 
Model simulation with these transfer coefficient sets 
in a log-normal distribution or in a gamma ( Γ ) dis-
tribution could be fitted to the experimental results 
well by adjusting only two characterizing parameters, 
the mean and the deviation. Wang et al. [22] have 
been using a set of log-normal distributed mass trans-
fer coefficients in the transport model to describe the 
tailing breakthrough curves in laboratory soil columns 
and on a field SVE site. In order to independently es-
timate the distribution of the values of the transfer co-
efficients, Wang et al. have correlated the coefficients 
to the soil properties and the site characteristics. They 
found that the value of the best-fitting transfer coeffi-
cient was inversely correlated with the dimension of 
the site.  

For the sorption of organic compounds by sus-
pended sediment aggregates Wu and Gschwend [23] 

have established a relationship among the α, the effec-
tive intra-aggregate diffusivity, Deff, and the aggregate 
radius, ra, 

α = 22.7 Deff ra
-2 (2) 

where Deff is given by 
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in which Dl is the molecular diffusivity (cm2 s-1), θ is 
the liquid content (cm3 cm-3), ρ is the bulk solid den-
sity (g cm-3), Ks is the solid-water distribution coeffi-
cient (cm3 g-1) and ra is the radius of the aggregate 
(cm). 

Information on the size distribution of immobile 
regions has so far been rarely reported. However, it 
has been shown in the literature that the aggregate 
sizes, expressed in log scale, generally follow a nor-
mal distribution pattern [24-26], which has been used 
to estimate the distribution of the respective mass-
transfer coefficients associated with the immobile re-
gions [27-28]. 

Since the rebounding of contaminant concentra-
tions in monitoring wells during SVE remediation op-
eration is a frequently-observed problem, the capabil-
ity to predict its behavior is essential while choosing 
an appropriate remediation approach or operational 
procedures. In this study we intended to explain the 
rebounding phenomenon observed in a pilot scale ex-
perimental site by using this dual-region (mo-
bile/immobile) transport model, which contains a set 
of mass-transfer coefficients to quantify the sorption 
and desorption rates between the mobile and immobile 
regions. Also, simulations on different operation con-
ditions were performed to illustrate the capability of 
this model to predict the efficiency of different SVE 
operational approaches.  

 
MATERIALS AND METHODS 

 
1. Field Experiments and Sampling Methods 

 
The field test of SVE remediation method was 

conducted in the experimental farm of National Tai-
wan University in Shindian, a suburban of Taipei city. 
The geological setting of the site includes grayish dark 
silty loam with sands within the top 0.5 m of the un-
saturated zone, yellow brown sandy loam between 0.5 
and 1.5 m, silt with some clay lens between 1.5 and 
4.5 m, and a layer of clay beneath the depth of 4.5 m. 
The organic carbon fraction is 0.44% (w/dry w) meas-
ured with the dichromate oxidation method [29]. 

The SVE site had a radius of 300 cm and was 
laid with 15 cm of bentonite on the ground surface to 
prevent air leaking into the suction well (Fig. 2). The 
suction well had a diameter of 15.24 cm. It was con-
nected to a demister and a vacuum pump. The screen 
opened between 1 m and 4 m below ground surface 
with a total opening length of 3 m. 
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Fig. 2. Layout of the soil vapor extraction field test site 

and the location of the suction well and the 
monitoring well. 

 
Approximately equal volumes of n-hexane, 

cyclohexane, isooctane, n-heptane, ethylbenzene, and 
xylene (containing m-xylene, p-xylene and o-xylene) 
were mixed and used as testing compounds. The prop-
erties of these seven organic compounds are list in 
Table 1. The mixture of compounds was injected into 
the unsaturated zone between 1.0 and 1.5 m through 
19 evenly distributed injection wells in a quarter of a 
circle surrounding the suction well. Suction, actually a 
part of a bioventing operation, had started and oper-
ated intermittently for one yr before the rebounding 
experiment started.  

The SVE system had been shut off for two wk 
right before the rebounding experiments to allow the 
concentrations of compounds in soil to reach equilib-
rium among phases. Then, samples were taken with a 
hand pump from monitoring well located 270 cm 
away from the suction well, with the opening at the 
depth of 1.5 m below ground surface. The monitoring 
well was installed in a 5.08 cm hole by applying a di-
rect-push-in probe. A Teflon tube was put in with a 
screened aluminum head at the desired positions, then 
the surrounding of the head was stuffed with quartz 
sands and lastly the hole was sealed with bentonite. 

Samples were analyzed with a gas chromato-
graph equipped with a flame ionization detector 
(Hewlett Packer, HP 5890) for the gaseous concentra-
tions of compounds before and after the experiments 

started. The concentrations measured right before the 
suction process were served as the initial conditions of 
model simulation for concentration variations. 

 
2. Model Development 

 
Since the layout of the SVE system, including 

the distribution of the spiked compound concentration, 
is symmetrical to the suction well, a cylindrical coor-
dinate system was adopted while constructing the 
transport model. Equation 1 is adopted to describe the 
rate of concentration change in the immobile regions. 
For a number of immobile regions in a heterogeneous 
soil matrix, the distribution of the fractions of immo-
bile regions, based α, associated with these regions, 
may be described by a certain distribution function. 
Following this approach, we define the distribution of 
the total fraction of the immobile regions with mass-
transfer coefficients lower than α as a log-normal dis-
tribution function. Let us transform the coordinate into 
logarithmic scale and define y as  

)log(α=y  (4) 

Then, by assuming the probability density of the vol-
ume fraction of an immobile region with respect to y 
to be a normal distribution, f(y), one gets  
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where μ is the average of log(α), σ is the standard de-
viation of log(α) [30]. Adopting a numerical approach, 
we divide immobile regions into N groups, with coef-
ficient αj and fraction (probability intensity) fsj for the 
jth group, and  

1
1

=∑
=

N

j
sjf  (6) 

The total concentration of the organic compound, CT, 
in a space containing solid, liquid and gaseous phases, 
is as follows:  
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where Cg is the concentration in the gaseous phase 
(mg cm-3), Cl is the concentration in the liquid phase 
(mg cm-3), Cs is the concentration in the solid phase 
(mg g-1), a is the gas content (cm3 cm-3). The concen-
tration in the gaseous phase, Cg, is the weighted aver-
age of the concentration in the air phase of the mobile 
regions, Cgm, and that in the immobile regions, Cgim. 
Fm is the volume fraction of the mobile regions (cm3 
cm-3) where the advection of the tracer in the air phase 
dominates the transport. 

Because the liquid in a vadose zone always ad-
heres on the surfaces of soil pellets, the contaminants 
in solid and liquid  phases  are  stationary.  Hence,  the 
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Table 1. The properties of the organic chemicals 

 Dl
a Df

b Kh
c Log (Kow)d Kd

e Rf α g 
n-hexane 8.73 0.0765  56.49  3.9  0.2537  0.57  0.0079  
cyclohexane 9.89 0.0840  7.28  3.44  0.6828  1.30  0.025  
isooctane 7.41 0.0655  93.46  5.02  2.0212  3.48  0.00051  
n-heptane 8.00 0.0704  81.65  4.66  1.0099  1.82  0.00128  
ethylbenzene 8.54 0.0735  0.32  3.15  7.8391  13.60  0.0396  
m,p-xylene 8.54 0.0735  0.19  3.16  13.7241  23.69  0.0396  
o-xylene 8.54 0.0735  0.19  3.16  13.7241  23.69  0.0396  

aThe molecular diffusion coefficients of compounds in water (Dl, 10-6 cm2 s-1) were estimated by using Hayduk and Laudie method, 
in Schwarzenbach et al. [34].  

bThe molecular diffusion coefficients of compounds in air (Df, cm2 s-1) were estimated by using Fuller’s method, in Schwarzenbach 
et al. [34].  

cHenry’s law constant (Kh, M M-1). 
dOctanol-water partition coefficient (Kow). 

eSolid-gas partition coefficient (Kd, (mg L-1) (mg L-1)-1). The Kd of tracer is estimated by using: =⋅=
h

ococ
d K

Kf
K  

%44.0,
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h
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K
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 (w/dry w). 

fRetardation factor (R). 
gMass transfer coefficient (α, h-1). 
 
liquid and solid phases are grouped into immobile  
regions. In a length as small as a mineral grain, the 
concentrations of an organic compound in liquid and 
solid phases can be assumed to be in equilibrium  
locally. With the assumption of that Cgim is in equilib-
rium with the concentrations in liquid and solid phases, 
one obtains, at low tracer concentrations with moist 
soils [31], the relations of 

Cs = Kd Cgim  (8) 

and  

h

gim
l K

C
C =  (9) 

where Kd is the compound partition coefficient be-
tween the solid and gas phases; Kh is the partition co-
efficient between the gas and liquid phases (i.e. 
Henry’s law constant ). Substituting Eqs. 8 and 9 into 
Eq. 7, one arrives at 
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By averaging the whole cross-sectional area, the total 
concentration, CT, is  
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N
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The mass fluxes of contaminants are attributed 
mainly to the advection in the gaseous flow. For an 
one-dimensional, incompressible uniform flow due to 

the concentration gradients in an isotropic soil layer 
with negligible density effects, the change of the 
cross-sectional, averaged contaminant concentration 
can be described by using the advection-dispersion 
equation [32]. In addition, with the radial flow domi-
nating the transport of compounds, the vertical and 
lateral transport of mass was neglected. The density of 
air in the soil was assumed constant since the maxi-
mum pressure drop in the monitoring wells in the SVE 
site was only 4 kPa. The governing equation of the 
transport of a compound in a cylindrical coordinate 
system can be expressed as [33] 
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where Dg is the dispersion coefficient of the gas flow 
in the mobile phase, Df is the molecular diffusion co-
efficient (cm2 h-1) in air, Dm is the mechanical disper-
sion coefficient (cm2 h-1), α L is dispersivity (cm), Ug 
is the average linear flow velocity of the gas flow in 
the mobile regions (cm h-1), Q is the total flow rate 
(cm3 h-1), H is the thickness of the contaminated soil 
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layer (cm) (i.e., the length of the screen opening), and 
r is the radial dimension (cm).  

Then, by substituting Eq. 12 into Eq. 13, the 
governing transport equation can be expressed as 
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For the jth group of the immobile regions, the to- 
tal change in concentration with time ( tC jgim ∂∂ ／, ) is 
equal to the product of the mass transfer coefficient 
and the difference of gasous concentrations inside and 
outside the region, i.e., 
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in which αj is the mass-transfer coefficient of the jth 
immobile region. Thus, the governing transport equa-
tion is finally cast as follows:  
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In the above equation, the dispersivity values, parti-
tion coefficient and mass-transfer coefficients were 
calibrated by using real data. All other parameters 
were measured on site. The air-extracting flow rate, Q, 
is 3.63 x 107 m3 h-1. 

A finite-difference numerical scheme written in 
Fortran program language was used to solve Eq. 20 
for the concentration of the compound in the gas 
phase at different times and locations in the SVE sys-
tem. 

The boundary conditions and the initial condi-
tion are 

∞== rCgm at  , 0  (21) 

gmC = measured values, at  

cm280≤r , t = 0 (22) 

 , 0gm =
∂

∂
r

C
at r = 7.12 cm  

(the radius of the suction well) (23) 

3. Model Calibration 
 
Model calibration was conducted by adjusting 

the values of the average of log α, μ, and the standard 
deviation of log α, σ, until a minimum deviation (sum 
of square errors) was obtained between the solution of 
Eq. 20 and the real measurements. By assuming that 
the immobile regions are approximately spherical, we 
may relate the transfer coefficient to the effective dif-
fusivity, Deff, and the radius of the immobile region, ra, 
with the following equation [23]: 

5.05.0
eff73.4 −= αDra  (24) 

where ra is the radius of the immobile region, and Deff 
is the effective diffusion coefficient. 

Since the Deff can be estimated based on the 
known properties of the organic compounds of con-
cern and the soil properties of the soil on the site, the 
parameter that we have to adjust in the model is the 
radius of the immobile regions. 

 
RESULTS AND DISCUSSION 

 
1. SVE Field Experiments 

 
The concentrations of seven organic compounds 

in the gaseous phase of the monitoring well were 
taken at different times, as data shown in Fig. 3. Dur-
ing the period of vapor extraction, the concentrations 
in the gaseous phases all dropped below few percents 
of the initial concentrations in 20 h. However, signifi-
cant rebounding of the concentration in the gaseous 
phase was observed after halting the extraction. The 
gaseous concentration of VOCs was gradually raised 
to 15 to 20% of the initial concentration for each 
compound. The operation of extraction removed most 
of the compounds in the gas phases in mobile regions 
rapidly though it might only have removed part of the 
compounds in the immobile regions. The compounds 
retained in the stagnant regions escaped slowly from 
the stagnant regions by diffusion and resulted in re-
bounding of concentrations in the gaseous phases. 
Towards the end of the observation, 60 h after halting 
the extraction, the concentrations of the gaseous phase 
were still climbing and had not reached stable plateaus 
yet.  

 
2. Model Simulation 

 
Model simulations were performed to help ex-

plain the variation of the compound concentration dur-
ing the intermittent SVE operation. The system pa-
rameters are listed in Tables 1 and 2.  

The results of model simulations are shown in 
Fig. 3. A universal average and its standard deviation 
of the radii of the immobile regions were used for all 
compounds. The best fitting parameters are shown in-
Table 2. The best-fitting averaged radius of the immo- 
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Fig. 3. Concentrations of seven organic compounds in 

the gaseous phase at the monitoring well in the 
SVE field test site (solid circles) and the best-
fitting model simulation results (solid line). 

 
bile regions is 0.8 cm and the standard deviation of the 
log-normal distribution of mass transfer coefficients is 
2.1 (log scale). Comparing the different compounds, 
we found that the model overestimates the removal 
rates during extraction for hexane, cyclohexane, hep-
tane and isooctane; however, simulation fits the data 
for ethylbenzene, m,p-xylene and o-xylene. After halt-
ing the extraction, the model slightly overestimates 
the recovery of ethylbene, and m,p-xylene. All estima-
tions are generally within 76 to 135% of the observed 
values at the end of the experiment. 

The simulation results reflect the effects of 
higher Henry’s law constants and lower partition coef-
ficients of hexane, cyclohexane, heptane and isooc-
tane on higher releasing tendency (concentration gra-
dient between the inside and the out side of the immo-
bile regions) during the suction period. The experi-
mental results did not follow the same trend. The rea-
son of this discrepancy will be the topic of our future 
research. 

Sensitivity analyses of the averaged radius of the 
immobile regions shows that with larger radius of the 
stagnant regions (e.g., 8 cm), the ethylbenzene con- 
centration drops faster during the suction period and 
rebounds higher at 60 h after halting the suction (Fig. 
4). The reason of the rapid drop is that the larger stag-
nant regions possess larger storage capacity and 
longer diffusive  paths;  therefore,  the  compounds  in 

Table 2. The modeling parameters and the results of 
model calibration 

Model parameters Values 
Width (cm) 60 
Dispersivity (cm), αL (fitted) 18.9 
Total porosity 0.416a 
Water content, θ 0.171a 
Gas volume fraction, a 0.245a 
Air-extracting flow rate (cm3 h-1) 3.63 × 107   

Simulation results and the best fitting values  
Fm (fitted) 0.4 

Averaged radius of the aggregate (cm), ra 
(fitted) 

0.8 

Mass transfer coefficient  
Average α  (×10-4 h-1) (calculated) 5.1~39.6b 
Standard deviation of log α (h-1) (fitted) 2.1 

a The average values. 
b The average mass transfer coefficient is calculated by Eq. 2. 
 

  
Fig. 4. The sensitivity analyses for the length scale of 

the stagnant aggregates in the SVE field test site. 
 
the mobile regions are rapidly exhausted. This also 
creates a false cleaned-up observation when SVE is 
applied in the field. However, during the rebounding 
period, higher amount of compounds preserved in the 
stagnant regions serve as stronger and more lasting 
sources and result in more vigorous rebounding. 

The results of the simulation also indicate that 
the best-fitting radii of the immobile regions are inde-
pendent of the type of the compounds. The dimen-
sions of the immobile regions are properties of the soil 
and the SVE site. 

Simulation result shows that for ethylbenzene, as 
an example, 97% of ethylbenzene in the mobile re-
gions was removed after 20 h however, only 46% of 
ethylbenzene in the immobile regions was removed 
(Fig. 5). 40 h after the suspension of the extraction, 
simulation and field experiment coincidently show 
that ethylbenzene escaped from the immobile  regions, 
entered the gaseous phase and raised the concentration 
to 20% of the original concentrations, though, the con- 

60 

(G) o-Xylene 

(F) m,p-Xylene 
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Fig. 5. Concentrations of ethylbenzene in the gaseous 

phase at the monitoring well in the SVE field test 
site (solid circles). Solid lines indicate the best-fit 
model simulation results total concentration and 
gaseous concentration, for continuous suction in 
the SVE field test site. Segmented lines indicate 
the model simulation results for the total 
concentration and gaseous concentration if 
suction were stopped at the 20 h and there were 
only diffusion between mobile and immobile 
regions till 60 h. 

 
tent in the immobile regions has no observable change 
for 40 h. 

 
CONCLUSIONS  

 
Experimental results did show the concentration 

rebounding phenomenon during the intermittent SVE 
operation. The gaseous concentration of VOCs 
dropped to less than 4% of the initial concentrations; 
however, it was gradually raised to 15 to 20% of the 
initial concentration for each compound. The dual-
region, mass-transfer limiting transport model devel-
oped in this study not only explains the phenomenon 
of rebounding well but it can also be used to predict 
the time required to clean up a contaminated site by 
soil vapor extraction. The only fitting parameters are 
the volume fraction of the immobile regions, the aver-
aged radius of the aggregates and the standard devia-
tion of the logarithmic mass transfer coefficient. The 
model will be able to assist in the designing of the 
SVE system and operational strategy, and the predic-
tion of the performance of the clean-up action. Further 
researches should be directed to the emphases on 
characterizing, measuring or predicting the size distri-
bution of the aggregates, relating the fraction of the 
immobile regions to the physical properties and hy- 
drological conditions of the soil layer, and chemical 
properties on the mass transfer rate. 
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NOMENCLATURE 

 
Cg  Concentration in the gaseous phase, mg 

cm-3  
Cgm  Gaseous concentration in the mobile re-

gion, mg cm-3  
Cgim  Gaseous concentration in the immobile 

region, mg cm-3 
Cl  Goncentration in the liquid phase, mg cm-3  
Cs  Concentration in the solid phase, mg g-1  
CT  Total concentration of the organic com-

pound, mg cm-3  
Deff  Effective diffusion coefficient of the 

tracer in the aggregates, cm2 h-1 
Df  Molecular diffusion coefficient in air, cm2 

h-1 
Dg  Dispersion coefficient of the gas flow in 

the mobile phase, cm2 h-1  
Dl  Molecular diffusivity of the compound in 

water, cm2 h-1 
Dm  Mechanical dispersion coefficient, cm2 h-1  
Fm  Volume fraction of the mobile regions, 

cm3 cm-3  
H  Thickness of the contaminated soil layer, 

cm  
Kd  Tracer partition coefficient between the 

solid and gas phases, (mg L-1)(mg L-1)-1 
Kh Henry’s law constant, M M-1 
Ks  Solid-water distribution coefficient 
Kow Octanol-water partition coefficient 
Q  Total flow rate, cm3 h-1  
R  Retardation factor  
Ug  Average linear flow velocity of the gas 

flow in the mobile regions, cm h-1  
a  Gas volume fraction, cm3 cm-3 

fsj Fraction of the jth group 
r  Radial dimension, cm 
ra  Averaged radius of the aggregate, cm  
α  First-order mass transfer coefficient, h-1  
α j  Mass-transfer coefficient of the jth immo-

bile region, h-1  
α L  Dispersivity, cm  
μ  Average of log α, h-1  
θ Liquid content, cm3 cm-3  
ρ Bulk density, g cm-3  
σ  Standard deviation of log α  

 
REFERENCES 

 
1. Griffioen, J., Suitability of the first-order mass 



18 J. Environ. Eng. Manage., 17(1), 11-19 (2007) 

transfer concept for describing cyclic diffusive 
mass transfer in stagnant zones. J. Contam. Hydrol., 
34(1-2), 155-165 (1998). 

2. Lorden, S.W., W. Chen and L.W. Lion, 
Experiments and modeling of the transport of 
trichloroethene vapor in unsaturated aquifer 
material. Environ. Sci. Technol., 32(13), 2009-
2017 (1998). 

3. Miller, C.T., G. Christakos, P.T. Imhoff, J.F. 
McBride and J.A. Pedit, Multiphase flow and 
transport modeling in heterogeneous porous media: 
challenges and approaches. Adv. Water Resour., 
21(2), 77-120 (1998). 

4. Nelson, N.T., Q. Hu and M.L. Brusseau, 
Characterizing the contribution of diffusive mass 
transfer to solute transport in sedimentary aquifer 
systems at laboratory and field scales. J. Hydrol., 
276(1-4), 275-286 (2003). 

5. Wilson, J. and L.J. Lin, Dueling time constants: 
competing processes in aquifer contamination and 
remediation. Proceedings, International 
Conference on Groundwater Quality Protection – 
Remedial Technology and Management Policy for 
NAPL Contamination. Taipei, Taiwan, pp. 269-
303 (1997). 

6. Chang, M.L., S.C. Wu and C.Y. Chen, Diffusion 
of volatile organic compounds in pressed humic 
acid disks. Environ. Sci. Technol., 31(8), 2307-
2312 (1997). 

7. Chang, M.L., S.C. Wu, P.J. Chen and S.C. Cheng, 
Infrared investigation of the sequestration of 
toluene vapor on clay minerals. Environ. Toxicol. 
Chem., 22(9), 1956-1962 (2003). 

8. Shih, Y.H. and S.C. Wu, Sorption kinetics of 
toluene in humin under two different levels of 
relative humidity. J. Environ. Qual., 31(3), 970-
978 (2002). 

9. Shih, Y.H. and S.C. Wu, Sorption kinetics of 
selected volatile organic compounds in humin. 
Environ. Toxicol. Chem., 21(10), 2067-2074 
(2002). 

10. Brusseau, M.L. and P.S.C. Rao, Sorption 
nonideality during organic contaminant transport 
in porous media. Crit. Rev. Environ. Control, 19(1), 
33-39 (1989). 

11. Culver, T.B., R.A. Brown and J.A. Smith, Rate-
limited sorption and desorption of 1,2-
dichlorobenzene to a nature sand soil column. 
Environ. Sci. Technol., 34(12), 2446-2452 (2000). 

12. Johnson, G.R., K. Gupta, D.K. Putz, Q. Hu and 
M.L. Brusseau, The effect of local-scale physical 
heterogeneity and nonlinear, rate-limited 

sorption/desorption on contaminant transport in 
porous media. J. Contam. Hydrol., 64(1-2), 35-58 
(2003). 

13. Johnson, G.R., Z. Zhang and M.L. Brusseau, 
Characterizing and quantifying the impact of 
immiscible-liquid dissolution and nonlinear, rate-
limited sorption/desorption on low-concentration 
elution tailing. Water Resour. Res., 39(5), 1120-
1127 (2003). 

14. Maraqa, M. A., Prediction of mass-transfer 
coefficient for solute transport in porous media. J. 
Contam. Hydrol., 53(1-2), 153-171 (2001). 

15. Pang, L. and M. Close, Field-scale physical non-
equilibrium transport in an alluvial gravel aquifer. 
J. Contam. Hydrol., 38(4), 447-464 (1999). 

16. Rabideau, A.J. and C.T. Miller, Two-dimensional 
modeling of aquifer remediation influenced by 
sorption nonequilibrium and hydraulic 
conductivity heterogeneity. Water Resour. Res., 
30(5), 1457-1470 (1994). 

17. Seyfried, M.S. and P.S.C. Rao, Solute transport in 
undisturbed columns of an aggregated tropical soil: 
Preferential flow effects. Soil Sci. Soc. Am. J., 
51(6), 1434-1444 (1987). 

18. van Genuchten, M.T. and P.J. Wierenga, Mass 
transfer studies in sorbing porous media: II. 
Experimental evaluation with tritium (3H2O). Soil 
Sci. Soc. Am. J., 41(2), 272-278 (1977). 

19. Zhang, Z. and M.L. Brusseau, Nonideal transport 
of reactive solutes in heterogeneous porous media 
5. Simulating regional-scale behavior of a 
trichloroethene plume during pump-and-treat 
remediation. Water Resour. Res., 35(10), 2921-
2935 (1999). 

20. Culver, T.B., S.P. Hallisey, D. Sahoo, J.J. Deitsch 
and J.A. Smith, Modeling the desorption of 
organic contaminants from long-term 
contaminated soil using distributed mass transfer 
rates. Environ. Sci. Technol., 31(6), 1581-1588 
(1997). 

21. Deitsch , J.J., J.A. Smith, T.B. Culver, R.A. Brown 
and S.A. Riddle, Distributed-rate model analysis of 
1,2-dichlorobenzene batch sorption and desorption 
rates for five natural sorbents. Environ. Sci. 
Technol., 34(8), 1469-1476 (2000). 

22. Wang, M.S., S.C. Wu, W.J. Chen and H.L. Hsu, 
Modeling non-equilibrium solute transport in 
heterogeneous soils with consideration of mass-
transfer processes and the effects of vadose zone 
properties. Environ. Eng. Sci., 24(4), 535-549 
(2007). 

23. Wu, S.C. and P.M. Gschwend, Sorption kinetics of 



 Wang et al.: Modeling the Rebounding of VOCs 19 

hydrophobic organic compounds to natural 
sediments and soils. Environ. Sci. Technol., 20(8), 
717-725 (1986). 

24. Buchan, G.D., Applicability of the simple 
lognormal model to particle-size distribution in 
soils. Soil Sci., 147(3), 155-161 (1989). 

25. Buchan, G.D., K.S. Grewal and A.B. Robson, 
Improved models of particle-size distribution: An 
illustration of model comparison techniques. Soil 
Sci. Soc. Am. J., 57(4), 901-908 (1993). 

26. Shirazi, M.A., L. Boersma and J.W. Hart, A 
unifying quantitative analysis of soil texture: 
Improvement of precision and extension of scale. 
Soil Sci. Soc. Am. J., 52(1), 181-190 (1988). 

27. Haggerty, R. and S.M. Gorelick, Modeling mass 
transfer processes in soil columns with pore-scale 
heterogeneity. Soil Sci. Soc. Am. J., 62(1), 62-74 
(1998). 

28. Pedit, J.A. and C.T. Miller, Heterogeneous 
sorption processes in subsurface systems. 1. Model 
formulations and applications. Environ. Sci. 
Technol., 28(12), 2094-2104 (1994). 

29. Page, A.L., R.H. Miller and D.R. Keeney, Eds., 

Methods of Soil Analysis. Crop Science Society of 
America (CSSA) and Soil Science Society of 
America (SSSA), USA (1982).  

30. Ott, W.R., Environmental Statistics and Data 
Analysis. Lewis Publisher, Boca Raton, FL (1994). 

31. Chiou, C.T. and T.D. Shoup, Soil sorption of 
organic vapors and effects of humidity on sorptive 
mechanism and capacity. Environ. Sci. Technol., 
19(12), 1196-1200 (1985). 

32. Freeze, R.A. and J.A. Cherry, Groundwater. 
Prentice-Hall, Inc., Englewood Cliffs, NJ (1979). 

33. Crank, J., The Mathematics of Diffusion. Oxford, 
Clarendon Press, London, UK (1975). 

34. Schwarzenbach, R.P., P.M. Gschwend and D.M. 
Imboden, Environmental Organic Chemistry. John 
Wiley & Sons, Inc., Hoboken, NJ (2003). 

  
Discussions of this paper may appear in the discus-
sion section of a future issue. All discussions should 
be submitted to the Editor-in-Chief within six months 
of publication. 

Manuscript Received: July 22, 2006 
Revision Received: October 2, 2006 

and Accepted: October 4, 2006 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF005B683964DA300C9F8D5A01300D005D0020005B683964DA300C9F8D5A01300D005D0020005B683964DA300C005B5370523754C18CEA005D300D005D00204F7F752890194E9B8A2D7F6E5EFA7ACB7684002000410064006F006200650020005000440046002065874EF69069752865BC9AD854C18CEA76845370524D5370523786557406300260A853EF4EE54F7F75280020004100630072006F0062006100740020548C002000410064006F00620065002000520065006100640065007200200035002E003000204EE553CA66F49AD87248672C4F86958B555F5DF25EFA7ACB76840020005000440046002065874EF63002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


