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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.

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
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“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 = & (C,, = Cyiry) (1)

where « is the first-order mass transfer coefficient
(h ), Com is the gaseous concentration in the mobile
region (mg cm’ %) and Cyim is the gaseous concentration
in the adjacent immobile region (mg cm ) [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 (I") 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 a., the effec-
tive intra-aggregate diffusivity, D, and the aggregate
radius, r,,

o0 =227 Deg 1 )
where D, is given by
D6
Dy = — 3)
0+ pKg

in which D is the molecular diffusivity (cm S ) fis
the liquid content (cm® cm™), p is the bulk solid den-
sity (g cm’ %, KS is the solid-water distribution coeffi-
cient (cm’ g") and r, 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 Mm-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 o, 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 ¢ as a log-normal dis-
tribution function. Let us transform the coordinate into
logarithmic scale and define y as

y = log(e) “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

1 v N2
f(y)= e (—(gaz’” ]

—o<y<w ()

where 4 is the average of log(a), ois the standard de-
viation of log(ca) [30]. Adopting a numerical approach,
we divide immobile regions into N groups, with coef-
ficient ¢ and fraction (probability intensity) fg for the
jth group, and

N
> g =1 6)
j=1

The total concentration of the organic compound, Cr,
in a space containing solid, liquid and gaseous phases,
is as follows:

Cr =aC, +6C, + pCy
= Fmanm +(1- Fm)aCgim +6C, + pCq @)

where C, is the concentration in the gaseous phase
(mg cm™), C;is the concentration in the liquid phase
(mg em™), C,is the concentration in the solid phase
(mg g'l), ais the gas content (cm3 cm'3). The concen-
tration in the gaseous phase, C,, is the weighted aver-
age of the concentration in the air phase of the mobile
regions, C,n, and that in the immobile regions, Cigim.
F., is the volume fraction of the mobile regions (cm3
cm™) 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

D’ D Ked Log (Kow)" Kd® R’ ot
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

*The molecular diffusion coefficients of compounds in water (D}, 10 cm?® ') were estimated by using Hayduk and Laudie method,

in Schwarzenbach et al. [34].

®The molecular diffusion coefficients of compounds in air (Dg, cm” ') were estimated by using Fuller’s method, in Schwarzenbach

et al. [34].
“Henry’s law constant (K,, M M™).
d0ctanol-water partition coefficient (Koy).

“Solid-gas partition coefficient (K, (mg LY (mg LY. The K, of tracer is estimated by using: Kd =

W fo. =0.44% (widry w).
h

fRetardation factor (R).
#Mass transfer coefficient (¢, h™).

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 Cgy, 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

C, =Ky Cgim (8)
and
C.
R )
h

where Ky is the compound partition coefficient be-
tween the solid and gas phases; Ky, is the partition co-
efficient between the gas and liquid phases (i.e.
Henry’s law constant ). Substituting Eqgs. 8 and 9 into
Eq. 7, one arrives at

[
G =F,aCy,+(1-F,aCyy, +K_Cgim
h
+P Ky Cym=FnaCyn+RCy,  (10)
R=(1—Fm)a+Ki+pKd (11)

h

By averaging the whole cross-sectional area, the total
concentration, Cr, is

N
j=1
The mass fluxes of contaminants are attributed

mainly to the advection in the gaseous flow. For an
one-dimensional, incompressible uniform flow due to

f. K

Kn

oc

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]

2
aﬁzpma[) _8 Com +l_acgm

ot & or2 r or

JU,.C
ma—( £ gm) (13)

or
D, =D; +D, (14)
D, =V, (15)

Q

u =——_< 16
¢ @2rrH)F,a (16)

where D, is the dispersion coefficient of the gas flow
in the mobile phase, Dy is the molecular diffusion co-
efficient (cm2 h'l) in air, Dy, is the mechanical disper-
sion coefficient (cm2 h'l), oy, is dispersivity (cm), U,
is the average linear flow velocity of the gas flow in
the mobile regions (cm hh, Q is the total flow rate
(cm3 h'l), 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

dC,p,
Fna RS (1, Loms
nd ot 5 7 Z( ot ot
9°C oC
=F,aD,| —3 11 Frem
or r or
olu,.C
-F.a w,jz],z,...N (17)
r

For the jth group of the immobile regions, the to-
tal change in concentration with time (9dCgim,j 0t ) is
equal to the product of the mass transfer coefficient
and the difference of gasous concentrations inside and
outside the region, i.e.,

9Cimj i

= [0 (Can ~ Cym )l | =1.2.+-N (18)
That is,

RZ(f g'“”)_Rz[f @ (Cyn—Cyim )] :

j=12,-N (19

in which ¢ is the mass-transfer coefficient of the jth
immobile region. Thus, the governing transport equa-
tion is finally cast as follows:

Cy _ 5 9°C,, +&acgm 0U,C,)
ot £ or? roor or
N
RY. (¢, (Cyn —Cym;))
—_— :j=1,2,--N (20)
F.a

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,
is3.63x 10'm’h’".

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

Cyn=0,atr =co 1)

Cgm= measured values, at
r<280cm,t=0 (22)

aC,.,
— 80 =0, atr=7.12cm
or

(the radius of the suction well) (23)

3. Model Calibration

Model calibration was conducted by adjusting
the values of the average of log a., |, and the standard
deviation of log ¢, G, 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, D¢, and the radius of the immobile region, r,,
with the following equation [23]:

r,=4.73D,, o " (24)

where r,is the radius of the immobile region, and D
is the effective diffusion coefficient.

Since the D.y 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, mp-xylene and 0-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), o (fitted) 18.9
Total porosity 0.416*
Water content, & 0.171*
Gas volume fraction, a 0.245%
Air-extracting flow rate (em*h™h) 3.63 % 10’
Simulation results and the best fitting values

F. (fitted) 0.4
Averaged radius of the aggregate (cm), r, 0.8
(fitted)
Mass transfer coefficient

Average o (x10™h™) (calculated) 5.1~39.6°

Standard deviation of log o (h'Y) (fitted) 2.1

*The average values.
®The average mass transfer coefficient is calculated by Eq. 2.

[ ] Data at monitoring well

5 Ethylbenzene o= e == == Simulation for r,= 8 cm

_______ Simulation forr, =3 cm
4 —— - Simulation for r, = 0.8 cm
Simulation forr, =0.3 cm

Cong ( x1073 mg em3 )

Time (h)

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-
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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

C, Conzcentration in the gaseous phase, mg
cm”

Cem Gaseous concentration in the mobile re-
gion, mg cm™

Caim Gaseous concentration in the immobile
region, mg cm™

G Goncentration in the liquid phase, mg cm™

Cs Concentration in the solid phase, mg g’

Cr Total concentration of the organic com-
pound, mg cm™

Dest Effective diffusion coefficient of the
tracer in the aggregates, cm” h™!

Dy M]olecular diffusion coefficient in air, cm’
.

D, Dispersion coefficient of the gas flow in
the mobile phase, cm” h

D, Molecular diffusivity of the compound in
water, cm’h’!

D, Mechanical dispersion coefficient, cm’ h!

F. Volume fraction of the mobile regions,
cm’ cm”

H Thickness of the contaminated soil layer,
cm

Kd Tracer partition coefficient between the
solid and gas phases, (mg L")(mg L™")"!

Ki Henry’s law constant, M Mm!

Ks Solid-water distribution coefficient

Kow Octanol-water partition coefficient

Q Total flow rate, cm’h!

R Retardation factor

U, Average linear flow velocity of the gas

flow in the mobile regions, cm h™

a Gas volume fraction, cm® cm™

fy Fraction of the jth group

r Radial dimension, cm

T, Averaged radius of the aggregate, cm

o First-order mass transfer coefficient, h’!

o Mass-transfer coefficient of the jth immo-

bile region, h”
o Dispersivity, cm
y2; Average of log o, h™!
o0 Liquid content, cm’ cm’™
P Bulk density, g cm™
o

Standard deviation of log o
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