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ABSTRACT
The rate at which volatile organic compounds (VOCs) are removed from
the vadose zone by forced ventilation may be reduced by slow micro-scale
processes such as diffusion through intra-aggregate and pore water and slow
reactions at sorption sites located at the soil-water interface. Column exper
iments using benzene and p-xylene were performed in order to simulate cleanup
of VOCs in the vadose zone by forced ventilation. Analytical solutions of the
one-dimensional advection-dispersion equation coupled to mass transfer equations
were fitted to the data. Parameter estimates were used in order to determine
time scales of diffusion through water, desorption from, and sorption to, soil
organic matter. Lower limits for the time scales for these processes were
calculated to be on the order of minutes. Results indicate that these micro-scale
processes reduce the rate of removal on the laboratory scale but may have no
effect on the field scale.
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CHAPTER 1
INTRODUCTION
Petroleum products are frequently stored above the water table in under
ground storage tanks (USTs). USTs may leak petroleum products to the unsatu
rated zone due to age or improper installation. Removal of volatile organic
compounds (VOCs) of petroleum products in the unsaturated zone can be
accomplished by using forced ventilation and vacuum extraction. The main
tenance of an undersaturated vapor phase is necessary when removing VOCs by
means of forced ventilation and vacuum extraction. Both of these removal
techniques have proven to be successful in both field (Crow et al., 1987; Bruckner
and Kugele, 1985; and Woodward and Clyde Consultants, 1986) and laboratory
experiments (Marley, 1985).

1.1 Rate-limiting Processes
Micro-scale processes controlling the rate of removal of VOCs from the
unsaturated zone are evidenced by tailing of breakthrough (removal) curves. A
breakthrough curve is a graphical representation of outflow concentration versus
time data at a specific location. Tailing of a breakthrough curve results from a
slow decline in the concentration as a function of time. Bruckner et al. (1986)
suggested that tailing may be the result of volatilization, diffusion through the
aqueous phase, and desorption from the soil phase.
Figure 1.1 shows a conceptual model of the unsaturated zone and the
different physical and chemical processes which reduce the efficiency of vapor

Conceptual physical-chemical model.
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phase contaminant removal. The system studied involved three phases: (1) a
mobile air phase, (2) an immobile water phase, and (3) an immobile solid (soilorganic matter) phase. The organic matter may be further subdivided to include
both "fast" sorption sites (site 1 in Figure 1.1), which equilibrate rapidly with the
compound in solution and are a relatively short distance from the air-water
interface (have a short diffusive path length) and "slow" sorption sites (site 2 in
Figure 1.1) which are either kinetically controlled, are relatively far from the airwater interface (have a long diffusive path length), or both.
The two slow processes investigated in this study are illustrated in Figure
1.1: (A) slow release from the sorption site, and (B) slow diffusion through the
water. The diffusive path may include both intra- and inter-aggregate channels.
One or both of these processes may control the rate of removal.
Szecsody and Bales (in press) found desorption from organic matter to be
the rate-limiting step in aqueous phase transport of substituted benzenes in
saturated systems. In unsaturated systems, mass must diffuse through water
before reaching the air-water interface. Long diffusive path lengths, which might
occur at higher moisture contents, may result in diffusion being a rate-limiting
step. Wu and Gschwend (1988) developed a numerical model for saturated
systems in which intra-aggregate diffusion through water was combined with
sorption to the particle surface in order to describe non-equilibrium exchange
between the soil and water. Observed tailing was successfully reproduced for
systems in which the particle size distribution was narrow. Szecsody and Bales (in
press) found that slow diffusion through immobile pore water accounted for sonic
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of the observed tailing in breakthrough curves involving substituted benzenes in
saturated systems. Slow diffusion through the sorbent (organic matter bound to
the soil aggregates) may also reduce the efficiency of cleanup if the diffusive path
length is long.

1.2 Equilibrium Partitioning
Equilibrium partitioning of VOCs between the aqueous and vapor phases
is described by Henry's Law:

Ca = KHCw

(1.2.1)

where Ca = vapor phase concentration (mg/cm3 air); Cw = aqueous phase
concentration (mg/cm3 water); and KM = Henry's constant (cm3 water/cm3 air).
This relationship holds for ideal (dilute) solutions. Since most organic com
pounds present in gasoline are relatively insoluble in water, Henry's Law
describes the air-water partitioning at equilibrium. For this study, the values used
for the Kh of benzene and p-xylene were 0.23 and 0.29 cm3 water/cm3 air,
respectively (Mackay and Shiu, 1981) at 20°C.
Equilibrium partitioning between the water and soil phase can be
described by a partition coefficient which is an equilibrium constant representing
the distribution of mass in the sorbed and aqueous phases (Eqn. 1.2.2).

K, = C./C,

(1.2.2)
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where Kp = soil-water partition coefficient (cm3 water/cm3 soil); and Cs =
concentration in soil phase (mg/cm3 soil).
Kp is typically reported as cm3 water/g soil. Conversion to the units given
in Eqn. 1.2.2 is accomplished using the density of soil which is assumed to be the
same as that of quartz sand (2.65 g soil/cm3 soil).
Sorption is the result of partitioning to organic matter bound to the soil
aggregates (soil organic matter). Karickhoff et al. (1979) developed the following
correlation:

Kp = KXc

d-2.3)

where KDC (cm3 water/gram carbon) is the partition coefficient between water and
a sorbing phase composed entirely of organic carbon.
Kp, and hence the degree to which a compound will sorb, is inversely
related to the solubility of the compound. The hydrophobicity of a compound is
indirectly related to its solubility and polarity and may be quantified by the
octanol-water partition coefficient (K^). Schwarzenbach and Westall (1981)
found the following linear relation for benzene and substituted benzenes in soils
having foc greater than 0.001:

log Koc = 0.72 log Kow + 0.49

Substitution of Eqn. 1.2.3 into Eqn. 1.2.4 gives:

(1.2.4)
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log K,, = 0.72 log K„w + log foc + 0.49

(1.2.5)

Eqn. 1.2.5 indicates that K,, is both compound- and soil-dependent.

1.3 Research Objectives
The purpose of this research was to identify the predominant micro-scale
processes controlling removal of VOCs during forced ventilation.
Breakthrough curves obtained from soil column experiments involving
benzene and p-xylene (both of which are found in gasoline) were analyzed in
order to determine the predominant rate-limiting processes during forced ventila
tion. The slow processes considered in this thesis were slow desorption from soil
organic matter and slow diffusion through water to the air-water interface. Initial
concentration, pressure-induced vapor velocity, and moisture content were the
experimental variables.
A series of flow versus pressure experiments were performed on two soil
columns having different moisture contents in order to determine the respective
air permeability (k4) values. The flow versus pressure data were also used to
determine the nature of the flow (i.e., whether flow was compressible or incom
pressible). Soil column experiments using helium as a conservative tracer yielded
breakthrough curves which were analyzed in order to determine the degree of
dispersive and diffusive transport for both columns.
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CHAPTER 2
BACKGROUND
For this study, four advection-dispersion, partitioning models with different
rate-limiting steps were considered for the movement of VOCs in unsaturated soil
systems. In these models, two types of soil sites ('fast' and 'slow') were
considered. Fast sites (site 1 in Figure 1.1) are assumed to approach equilibrium
rapidly, and slow sites (site 2 in Figure 1.1) are assumed to approach equilibrium
slowly.
(1)

Two-compartment model: assumes that a fraction of the mass
is bound to fast sites while the rest is bound to slow sites;

(2)

One-site kinetic model: assumes that binding and release at
all sorption sites are slow and the time scale of diffusion
through the water is short;

(3)

Slow diffusion model: assumes that binding and release at all
sorption sites are fast and the time scale of diffusion through
the water is long; and

(4)

Equilibrium model: assumes that binding and release at all
sorption sites are fast and the time scale of diffusion through
the water is short;

2.1 Model Development
Breakthrough curves can be described mathematically by the advectiondispersion equation (Eqn. 2.1.1) coupled to one or more equations which describe
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the rate-limiting steps.

+

where ©# =

+

(2.1.1)

~

air-filled porosity (cm3 air/cm3 porous media); 6W =

moisture

content (cm3 water/cm3 porous media); (l-6a-©w) = soil fraction (cm3 soil/cm3
porous media). Ca is the outflow air phase concentration (mg/cm3 air), Cw =
aqueous phase concentration (mg/cm3 water); C(1 = sorbed concentration at the
fast sites (mg/cm3 soil); and Csj = sorbed concentration at the slow sites
(mg/cm3 soil). The sum of C51 and Ct2 is the total sorbed concentration (CJ. D
is the dispersion coefficient (cmVsec); vM = average linear velocity (cm/sec); t =
time (sec); and x = distance (cm).
The four terms on the lefthand side of Eqn. 2.1.1 describe changes in mass
in the three phases present: air (CJ, water (Cw), and soil (Cs, and Ci2), that arise
from the processes described by the two terms on the righthand side of the
equation, dispersion and advection.
Use of Eqn. 2.1.1 assumes the dispersive and advective properties of the
system to be constant with respect to time and location. The latter assumption
implies steady-state flow. For vapor-phase flow to be at steady state, the pressure
at all points in the system must be constant through time.
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If the system is at equilibrium, dCw/dt = 0, and Eqn. 1.2.2 can be used to
describe partitioning between the sorbed and aqueous phases.
In non-equilibrium conditions, slow diffusion through water can be
described as a mass-transfer process:

Sr =

(2.1.2)
ri

where aw = mass transfer coefficient (sec"1); and KH = Henry's constant (cm3
water/cm3 air).
Binding and release at the slow sites can also be described as a masstransfer process:

= k 6 ( c i -FiKpc, - C s 2 )

(2.1.3)

where F = mass fraction of contaminant sorbed to the fast sites; and kb =
desorption rate coefficient (sec-1). The additional parameter F is required since
only a fraction of the sorbed mass resides on the slow sites.
Binding and release at the fast sites is an equilibrium process:

aC si

at

= FK

»C.
P »i

This equation is the time differential form of Eqn. 1.2.2.

(2.1.4)
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2.1.1 Two-compartment Model
The two-compartment model is governed by Eqn. 2.1.1 coupled to Eqn.
2.1.3. This model does not make a distinction between the effects of a slow
reaction at the soil site and slow diffusion; thus, the effective rate coefficients
obtained using this model represent a combination of these processes.
Combining Eqns. 2.1.1, 2.1.4, and 1.2.1, the following equation is obtained;

(i

r- C I - 6"a - 0w) , ^a C a
/at
0.

K

e.

C I - 9 > a C52
at

a^t.
ex

= D-

aC,

- v a ax

(2.1.5)

2.1.2 One-site Kinetic Model
The one-site kinetic model is governed by Eqn. 2.1.3 with F = 0 (Cs2 =
C,) and Henry's Law.

at

=

J_ fEa
K„ at

(2.1.6)
v

'

This equation describes fast diffusion through the water and is the time
differential form of Henry's Law (Eqn 1.2.1). After substitution, the governing
equations reduce to:

(i4i l )?Ea +
ea

1

(1 'W

0a

^ = d^-~
- v ^
axz

(2.1.7)
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(2.1.8)

t t = k b <K p c »- c s >

2.1.3 Slow Diffusion Model
This model is governed by Eqn. 2.1.1 with Cl2 = 0 and Eqn. 2.1.2. Upon
substitution of Eqns. 2.1.4 and 2.1.6 into Eqn. 2.1.1, the advection-dispersion
equation becomes:

aC

.0

<1-0 - 0 )

.»cv

tftz.

ac

•ST - <-F+—-- D—T a

(2.1.9)

a

2.1.4 Equilibrium Model
Since the equilibrium model does not contain a slow process, equilibrium
expressions (Eqns. 1.2.1 and 1.2.2) can be substituted into the lefthand side of
Eqn. 2.1.1 leaving only one governing equation. Therefore, the governing
equation for the equilibrium model is:

=

(m0)

2.2 Effect of Parameters on Breakthrough Curves
Dimensional variables which appear in governing equations are often
converted to dimensionless variables in order to identify the significance of
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related processes. Substitution of dimensionless variables into the kinetic and
equilibrium models reduces the governing equations to the following
dimensionless equations, for which there are analytical solutions for the
appropriate boundary conditions (De Smedt and Wierenga, 1979). The kinetic
models (i.e., the two-compartment, one-site kinetic, and slow diffusion models)
take the form of Eqns. 2.2.1 and 2.2.2 when expressed in terms of dimensionless
variables.

(2.2.1)

aC

= <oCC,-C 2 )

(2.2.2)

The dimensionless form of the equilibrium model is:

aC.

i

*st = W

a2^

aC.

- air

(

C, is the air phase concentration normalized by the influent air phase
concentration C0:

C, = ca/c0

where C0 is expressed in units of mg/cm3 air.

(2.2.4)
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The dimensionless length scale (z) is defined as the distance traveled (x)
relative to the length of the column:

z = x/L

(2.2.5)

where L = column length (cm).
The kinetic models describe a single slow process and therefore require an
extra parameter (C2) which accounts for the rate-limiting process as well as the
phase affected. For the two-compartment model:

C 2 = (VtU-FXK/KJCJ

(2.2.6)

for the one-site kinetic model:

C2 = C,/[(Kp/KH)CJ

(2.2.7)

C2 = C J (C0/KH)

(2.2.8)

for the slow diffusion model:

The parameter R is the retardation factor which quantifies the increase in
time taken for the VOCs to move through the soil column as a result of
partitioning between the mobile (vapor) and immobile (aqueous and soil) phases.
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For the two-compartment, slow diffusion, and equilibrium models, R is:
e, j
<i-e -e > k_
R = 1 + •=* V- +
+
^—— -J
K ^
e,
^

(2-2 ?)

Because of restrictions in the analytical solution to the one-site kinetic model, R
takes a different form:

R = i +

(2.2.10)

Since partitioning from the mobile phase increases the time taken for a
compound to break through, retardation (an increase in R) causes the
breakthrough curve to be shifted to the right (Figure 2.2.1). This breakthrough
time is referred to as the residence time (t,„) and is defined as the time taken for
50 percent of the input mass to break through at a measurement point.
The parameter P is the Peclet number which is the ratio of the advective
length scale to the dispersive length scale of the system.

P = v.L/D

(2.2.11)

Dispersion results in a broadening of the breakthrough curve; therefore, a
decrease in P serves to broaden the breakthrough curve (Figure 2.2.2).
The dimensionless time scale (T) is defined relative to the flow rate and
the physical dimensions of the column:
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Figure 2.2.1. Effect of R on the breakthrough curve. Breakthrough curves
represent equilibrium systems with P = 50 and T, = 20 (see
following text for definitions of P and T,).
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Figure 2.2.2. Effect of P on the breakthrough curve. Breakthrough curves
represent equilibrium systems with R = 5 and T, = 20 (see
following text for definition of TJ.
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T = v.t/L = Qt/LesA

(2.2.12)

where Q is the volumetric flow rate (cm3/sec); and A is the cross-sectional area
(cm2) normal to flow. T is the number of air-filled pore volumes eluted.
Because of restrictions in the analytical solution, T is expressed for the one-site
kinetic model as follows:

T = vat/LU + ew/K„ea)

(2.2.13)

T, is the dimensionless input time and is referred to as the pulse. T,
represents the number of pore volumes containing the VOCs introduced into the
system. The algebraic expression for T, is identical to T. Figure 2.2.3 shows the
effect of T, on the breakthrough curve.
For the two-compartment model, the variable /3 takes on positive values
less than or equal to 1. p = 1.0 results when all of the sorbed mass is on fast
sites (i.e., F = 1.0), and no tailing of the breakthrough curve is observed. The
minimum £ occurs when F = 0.
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Figure 2.2.3. Effect of T, on the breakthrough curve. Breakthrough curves
represent equilibrium systems with R - 2 and P = 50.

32

which is:

t •

,
1 + 0,
fk+F

IT

(2.2.15)

A decrease in p will result from a decrease in F. This implies that as £
decreases, the extent to which the system is controlled by a non-equilibrium
process increases (assuming that the system is known to be subject to a nonequilibrium process). As £ decreases, the amount of tailing increases (see Figure
2.2.4).
For the one-site kinetic and slow diffusion models, p is 1/R and is
therefore not an additional variable.
w, which appears in the dimensionless rate equation (Eqn. 2.2.2), is the
ratio of the physical (advective) time scale to the micro-scale (reaction and/or
diffusion) time scale, w is analogous to the Damkohler number (Bahr and Rubin,
1987). Therefore, w = k^ = k,L/va. When using the two-compartment model
to estimate kf, w must be normalized by (1-F). For the two-compartment model:

(2.2.16)
a

For the one-site kinetic model:

*

For the the slow diffusion model:

= kb

TT-fR-O
a

(2.2.17)
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» =

77-CR-l)

(2.2.18)

where the expressions for R and p are those that correspond to the given model.
If the micro-scale processes are fast relative to the rate of advection, w will
increase. Slow chemical processes have larger time scales and therefore result in
a smaller w. This results in greater tailing of the breakthrough curve at low
values of w (Figure 2.2.5). Schwarzenbach and Westall (1981) report that w
values greater than 50 occur in systems at equilibrium, while smaller values for w
imply that the system is subject to a slow chemical process.

2.3 Non-linear Least Squares Curve-fitting using CFITIM
The curve-fitting program, CFITIM, of van Genuchten (1981) contains
subroutines which fit breakthrough curves to the analytical solutions of the
mathematical models presented in the previous section. The program uses non
linear least-squares regression to determine estimates for the values of the
dimensionless parameters.
The difference between the simulated and input data is quantified by the
sum of the squared error (SSQ) value given in the program output file. The
optimum values for the fitting parameters are listed in the program output file.
The 95 percent confidence interval for each fitted parameter is given in the
output. The fitted parameters can then be used to determine dispersion (using
the value of P in Eqn. 2.2.11), the soil-water partition coefficient (using the value
of R in Eqn. 2.2.9 or 2.2.10, depending on the model used), the fraction of mass
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sorbed to fast sites (using the value of p in Eqn. 2.2.15), and coefficients related
to non-equilibrium processes (using the value of w in Eqns. 2.2.16, 2.2.17, or
2.2.18, depending on the model used).
The equilibrium model contains three parameters (P, R, and T,), the onesite kinetic and slow diffusion models contain four parameters (P, R, T1f and w),
and the two-compartment model has five parameters (P, R, T1( w, and /9).

37

CHAPTER 3
MATERIALS AND METHODS
3.1 Chemicals
The chemicals used for this study were HPLC grade and were purchased
from Aldrich Chemical Company, Inc., Milwaukee, Wisconsin. After testing for
impurities, the chemicals were used as received.

3.2 Soil
Soil used for this study was excavated during the removal of an under
ground storage tank in Phoenix, Arizona. It was taken from a depth of 0 to 17
feet. A test for VOCs indicated that there were no detectable levels. Gravi
metric measurements performed in the laboratory on cores taken from the field
site showed the moisture content of the site to be 15 percent and the bulk density
to be 1.5 g/cm3. These cores were disturbed during transportation from the field
site so these values are approximations. foc was determined by a local laboratory
using the phosphoric acid digestion and combustion method. The average value
of four separate measurements was found to be 0.00097 +. 0.00014 grams organic
carbon/gram soil.

3.2.1 Sample Preparation
The soil was oven dried at 105°C for 24 hours and was found to contain
aggregates. The soil was then dry sieved for 20 minutes. Other than sieving, no
effort was made to break up the aggregates. In order to deactivate any micro
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organisms that could degrade the compounds, the soil was autoclaved for 30
minutes at a temperature of 120°C and a pressure of 15 psig. The soil was then
covered and stored in an oven at 105°C until use.

3.2.2 Preparation of Soil Columns
Before packing the columns, the gravel fraction of the soil was removed in
order to reduce scale problems. The silt and clay fractions were removed
because they caused an increase in pressure when air was passed through the
column that could not be sustained by the column fittings. The soil was then
mixed in order to ensure uniformity.
The columns, which were 30 cm in length and 2.7 cm in diameter, were
oriented vertically and packed by pouring approximately 30 grams of soil into the
column, stirring the soil to remove any stratification, and tamping in a circular
pattern to achieve a uniform bulk density. This procedure was repeated until the
column was filled with soil.
Fiberglass 'wool' was placed at the inflow end to enhance the uniformity of
the flow field. The column was then sealed with teflon tape and fittings. A 10
/im mesh teflon screen was inserted into the downstream column fitting to impede
movement of any fine-grained particles out of the column.
The desired moisture content was attained by siphoning a predetermined
volume of water into the column. The siphon was created by placing a graduated
cylinder containing the desired amount of water above the top of the column and
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a vacuum at the bottom. The column was used only after it appeared that the
soil water was uniformly distributed.
For this study, soil columns of two different moisture contents were used.
The dry column had a moisture content of 9 percent, an air-filled porosity of 28
percent, a total porosity of 37 percent, and a bulk density of 1.67 g/cm3. There
were two wet columns prepared. The first wet column had a moisture content of
18 percent, an air-filled porosity of 18 percent, a total porosity of 36 percent, and
a bulk density of 1.70 g/cm3. This column was used for the benzene soil venting
experiments. The second wet column had a moisture content of 18 percent, an
air-filled porosity of 17 percent, a total porosity of 35 percent, and a bulk density
of 1.72 g/cm3. This column was used for the p-xylene soil venting experiments,
the helium tracer experiments, and the flow versus pressure experiments. The
consistency of the bulk density, air-filled porosity, and total porosity values
indicates that the packing and wetting procedure used gives reproducible results.

3.3 Helium Tracer Experiments
The helium tracer experiments were conducted to determine the contri
bution of dispersion and diffusion to the transport of VOC in the unsaturated
zone during forced ventilation. Helium was used as a conservative tracer because
it does not sorb to soil and is sparingly soluble (0.0094 cm3 He/cm3 water, CRC,
1981). Additionally, breakthrough curves obtained from these experiments were
used to calibrate the flow meter.

AO

3.3.1 Apparatus
The apparatus used for the helium tracer experiments is shown in Figure
3.3.1 and consisted of: (1) a pressurized cylinder of air with pressure regulator to
induce flow through the system, (2) a flow control valve, (3) three gas washing
bottles containing water to keep the air flowing into the column saturated, (4) a
syringe pump containing a 10-ml gas-tight syringe to inject helium into the system,
(5) a Matheson flow meter (model 610A), (6) a U-tube mercury manometer to
measure pressure, (7) the soil column (kept at a constant temperature of 22.5°C
by means of a water jacket connected to a constant temperature water bath), and
(8) a Gow Mac gas leak detector (model 21-150) which was used to measure the
helium concentration as a function of time.

3.3.2 Experimental Procedure
The steps involved in the helium tracer experiments were: (1) zeroing the
gas leak detector with respect to clean air, (2) achieving a steady input helium
concentration large enough to cause a 60 percent deflection on the gas leak
detector using the syringe pump/syringe assembly, (3) loading the soil column
with helium and recording the increase in concentration as a function of time,
and (4) disconnecting the syringe pump/syringe assembly and allowing clean air
to remove the helium from the column and recording the decrease in concen
tration as a function of time. The concentration versus time data yielded break
through curves which were analyzed to obtain estimates for dispersion coeffi
cients. The four basic steps are discussed in greater detail below.
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Figure 3.3.1. Experimental apparatus used for helium tracer and flow vs. pressure
experiments. Components are: 1. pressure cylinder equipped with
pressure regulator, 2. flow control valve, 3. gas washing bottles
containing water, 4. syringe pump, 5. flow meter, 6. manometer, 7.
soil column, and 8. gas leak detector.
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When beginning a helium tracer experiment, clean air was allowed to flow
through the soil column until a steady flow rate was obtained. The flow was then
allowed to equilibrate for approximately five minutes. This initial equilibration
period was found to be adequate to ensure that the flow did not vary during an
experiment. The gas leak detector was zeroed relative to the clean air flowing
from the soil column. The syringe pump/syringe assembly was not present in the
system for this step. Once a steady flow was attained, the soil column was
disconnected, and the syringe pump/syringe assembly was introduced into the
system. The injection rate of the syringe pump was set so that a deflection of the
gas leak detector of at least 60 percent was obtained. Once this was accom
plished, the soil column was reconnected, the detector probe was inserted in the
outflow end of the soil column, and the experiment was started. Inserting (or
removing) the syringe/syringe pump assembly resulted in no noticeable change in
the flow rate.
The deflection of the gas leak detector (i.e., the relative helium concen
tration) was recorded as a function of time as the column was being loaded with
helium. When the deflection of the gas leak detector was constant for a period
of a few minutes, the syringe pump/syringe assembly was removed, and clean air
was used to remove the helium from the column. The design of the apparatus
did not allow for sampling of the inflow concentration; therefore, the steady-state
deflection observed during loading was taken to be the inflow concentration.
Flow, pressure, and relative helium concentration were monitored through
out each experiment. The flow meter reading was recorded every time a gas leak
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detector reading was recorded. The flow meter readings were then time averaged
and converted to volumetric flow rates using the value for the gravimetric pore
volume and the value of tres.
A listing of the helium tracer experiments performed is given in Table
3.3.1. The data obtained from these experiments were reproducible.

3.3.3 Flow Meter Calibration
The deflection of the gas leak detector, when normalized by the maximum
observed deflection and plotted as a function of dimensionless time (pore
volumes), yields a breakthrough curve which has a normal distribution. Helium is
assumed to be a conservative tracer (i.e., R = 1); thus, the sinuous shape of the
breakthrough curve is caused entirely by the dispersive and diffusive properties of
the porous medium and the diffusive properties of the tracer.
The normal distribution of the breakthrough curves coupled with the
conservative nature of helium allows for the assumption that one pore volume
breaks through at the time when the outflow concentration is one-half the inflow
concentration (i.e., C, = 0.50). The time taken to achieve C, = 0.50 will be
referred to as tso. Due to the symmetry of the breakthrough curves, tso is equiv
alent to tfM. Using the value of the gravimetrically-determined pore volume (ml)
and normalizing it by t50 (min) gives the flow for a given experiment in ml/min.
These flows were plotted as a function of the flow meter reading in order to
generate calibration curves for each column. The results of the flow meter
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Table 3.3.1 Listing of Helium Tracer Experiments

Exp

ew
(cm^/cm3,)*

e.
(cm./cm1,)"

Flow Meter
Readingc

H1W
H2W
H3W
H4W
H5W
H3Wrd

0.18
0.18
0.18
0.18
0.18
0.18

0.17
0.17
0.17
0.17
0.17
0.17

17
27
38
47
57
37

HID
H2D
H3D
H4D
H5D
H2Drd

0.09
0.09
0.09
0.09
0.09
0.09

0.28
0.28
0.28
0.28
0.28
0.28

19
34
47
54
66
36

* cm3 water/cm3 total (porous media).
b cm 3 air/cm 3 total (porous media).
c Flow meter readings represent time-averaged readings.
d Reproduced experiments.
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calibration are given in Table 3.3.2. The calibration curves for both columns are
shown in Figure 3.3.2.
Best-fit power functions to the data were as follows:

Wet column

Q = 0.12Mf'25

(3.3.1)

Dry column

Q = 0.11M1,38

(3.3.2)

where Q is the flow in ml/min and M is the flow meter reading.
Figure 3.3.2 indicates that the dry column gave consistently higher flows
for a given flow meter reading than the wet column. This difference may be the
result of assuming the gravimetric pore volume to be equivalent to the effective
pore volume when calculating flow. The effective pore volume is usually less
than the gravimetric pore volume since some pores are disconnected from the
conductive (effective) pores.
A Mest showed that the 95 percent confidence interval of the exponents of
the two calibration curves do not overlap. Therefore, separate calibration curves
are used for the wet and dry soil columns.
Calibration curve data for the wet column were reproducible over the
entire range of flows used except for the highest flow rate. Reproduced flows in
the high range tend to be higher than those predicted by the calibration curve
indicating a change in pore geometry due to the high pressure gradients involved.
A fracture in the soil column will have the same effect; however, there was no

Table 3.3.2 Flow Meter Calibration Curve Data

p

lso
(min)

Q
(ml/min)

H1W"
H2W*
H3W*
H4W1
H5Wa

7.45
3.94
2.85
2.24
1.53

3.97
7.51
10.39
13.21
19.35

17
27
38
47
57

HID"
H2Db
H3Db
H4Db
H5D"

7.26
3.92
2.55
1.99
1.25

6.46
11.96
18.39
23.57
37.52

19
34
47
54
66

1
b

Gravimetric pore volume = 29.6 ml
Gravimetric pore volume = 46.9 ml

Flow Meter
Reading
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Figure 3.3.2. Flow meter calibration curves for the wet and dry soil columns.
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drop in pressure indicating that the column was not fractured. Calibration curve
data for the dry column were reproducible over the entire range of flows used.

3.4 Flow versus Pressure Experiments
The flow versus pressure experiments were conducted in order to deter
mine the air permeability of the soil columns and whether flow was compressible
or incompressible at the pressures used for the soil venting experiments.
For advective vapor phase flow through porous media, compressibility of
the gas should be considered when calculating the Darcy velocity. Eqn. 3.4.1
(Kilbury et al., 1986) describes the flow of air through porous media and accounts
for contributions to flow due to compression.

qv = - k,(dp/dx)/n - ki(dp7dx)/(2pp0)

(3.4.1)

where ka = air permeability (cm2); dp/dx = pressure gradient (atm/cm); p0 =
reference pressure (atm); and /i = dynamic viscosity of air at 22.5°C (1.80 x 10"10
atm sec, interpolated value from Roberson and Crowe, 1985).
If flow is incompressible, the second (non-linear) term can be ignored, and
Eqn. 3,4.1 reduces to a linear equation which is Darcy's Law in rectangular
coordinates (Hillel, 1980):
qv = - (ka//x)(dp/dx)

(3.4.2)
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3.4.1 Apparatus
The apparatus used for the flow versus pressure experiments was identical
to that used for the helium tracer experiments (Figure 3.3.1).

3.4.2 Experimental Procedure
The experimental procedure used for the flow versus pressure experiments
was identical to that used for the helium tracer experiments with the exception
that all valves upstream of the soil column and downstream of the manometer
were fully opened. This was done to ensure that the deflection in the manometer
(i.e., the recorded pressure) was due to the soil column. The pressure drop
across the column (dp) for a given flow (qv) was recorded. These data were used
to determine k4 (using Eqns. 3.4.1 and 3.4.2) and whether flow was compressible
(using Eqn. 3.4.1).
The flow versus pressure experiments were run separately from the helium
tracer experiments. Helium was used during these experiments to confirm the
results of the flow meter calibration curve. A listing of the flow versus pressure
experiments performed is given in Table 3.4.1.

3.4.3 Air Permeability Studies
The calculation of the air permeability of a soil column requires the
measurement of the pressure gradient across the column and the resultant flow
expressed as the Darcy velocity (qv).

Table 3A1 Listing of Flow versus Pressure Experiments

Exp

qv
(cm/sec)

dp'
(atm)

Wet soil column
P1W
P2W
P3W
P4W
P5W
PlWr"
P2Wrb
P3Wrb
P4Wrb
P5Wrb

0.014
0.029
0.045
0.055
0.076
0.012
0.029
0.042
0.054
0.069

0.018
0.055
0.108
0.138
0.190
0.013
0.049
0.100
0.117
0.159

0.016
0.038
0.053
0.077
0.098
0.016
0.038
0.051
0.074
0.096

0.005
0.018
0.029
0.055
0.083
0.003
0.016
0.026
0.049
0.075

Dry soil column
P1D
P2D
P3D
P4D
P5D
PlDrb
P2Drb
P3Drb
P4Drb
P5Drb

* Pressure was calculated as the product of the specific
weight of mercury and the deflection of the manometer.
b

Reproduced experiments.
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The calculated flows were in close agreement with those predicted by the
calibration curves except for the highest velocity experiment using the wet
column. In this experiment, the predicted qv was 0.36 cm/sec, and the observed
qv, using the helium tracer breakthrough curve and gravimetric pore volume, was
0.53 cm/sec. This may be the result of a change in the pore geometry caused by
the high pressure imposed on the column.
The qv versus pressure data for both columns (Figure 3.4.1) show flow
through the dry column to be greater for a given pressure than the wet column
indicating that the dry column is more conducive to the flow of air (i.e., has a
greater air permeability).
From qv and dp, the value for k4 can be calculated by rearranging the flow
models (Eqns. 3.4.1 and 3.4.2) and solving for ka. Using the compressible flow
model (Eqn. 3.4.1), the ka values for the wet and dry columns were 0.21 darcy
and 0.70 darcy, respectively. Using the incompressible flow model (Eqn. 3.4.2),
the kfl values for the wet and dry columns were 0.22 darcy and 0.72 darcy,
respectively. The difference in ka values obtained using the two models is
negligible. These values are within the limits proposed by Freeze and Cherry
(1979) for a silty sand (0.01-100 darcy) and are on the low end of the range due
to the presence of water.

3.4.4 Compressible Flow Studies
The qv versus pressure data are linear for the wet column (r2 = 0.997) as
well as the dry column (r2 = 0.973) indicating that vapor flow for both columns at
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Figure 3.4.1. Darcy velocity vs. pressure. The error bars represent the standard
error of estimate of a linear regression model forced through the
origin.
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the pressures used was incompressible. To determine the contribution of
compressible flow effects due to the increased density resulting from the increase
in pressure, the ratio of dp2/2p0 to dp was calculated. (The value of p0 was taken
to be the pressure at 2500 feet, the approximate elevation of Tucson). This ratio
represents the independent variables involved after factoring the constants of
Eqn. 3.4.1 and is interpreted as the fraction of flow resulting from compression
and the subsequent increase in density to the total flow. This ratio increases as
velocity increases indicating that at higher pressures, compressible effects take on
increased importance. For the dry column, it was found that compression of the
vapor accounted for 4 percent of the measured qv at the highest velocity. For the
wet column, compression of the vapor accounted for 9 percent of the measured qv
at the highest velocity. These percentages were determined to be insignificant.

3.5 Soil Venting Experiments
The soil venting experiments were conducted in order to determine the
important rate-limiting processes during the removal of VOCs (benzene and pxylene) from the vadose zone using forced ventilation. Moisture content, initial
level of concentration, and vapor velocity were varied in order to determine the
effect these parameters had on removal.
The experimental procedure and results of the soil venting experiments are
described in more detail in Davis (1989). The following is a brief description of
the apparatus and experimental procedure.

3.5.1 Apparatus
The apparatus used for the soil venting experiments is similar to the
apparatus used for the helium tracer and flow versus pressure experiments and is
shown in Figure 3.5.1. The apparatus consisted of: (1) a pressurized cylinder of
air with pressure regulator to induce flow through the system, (2) a flow control
valve, (3) two gas washing bottles containing water to keep the inflowing air
saturated, (4) directional flow valves used to route flow through a gas washing
bottle containing the VOC, (5) when loading the soil column or through a third
gas washing bottle containing water, (6) when stripping the compound from the
soil column, (7) a flow control valve used to alter the input concentration, (8) the
flow control valve, (9) an upstream sampling port used to monitor inflow concen
tration, (10) a U-tube mercury manometer to measure pressure, (11) the soil
column, which was kept at a constant temperature of 22.5°C by means of a water
jacket connected to a constant temperature water bath, (12) a downstream
sampling port used to monitor outflow concentration, and (13) a suspended bead
flow meter to measure flow.
All components downstream of the gas washing bottle containing the VOC
were made of teflon, stainless steel, or glass to minimize sorption onto the
apparatus.

3.5.2 Experimental Procedure
The steps used for the soil venting experiments were: (1) attaining a stead)'
flow rate and constant input concentration, (2) loading the column with the VOC,
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Figure 3.5.1. Experimental apparatus used for soil venting experiments.
Components are: 1. pressure cylinder equipped with pressure
regulator, 2. flow control valve, 3. gas washing bottles containing
water, 4. directional flow valves, 5. gas washing bottle containing
VOC, 6. gas washing bottle containing water, 7. flow control valve,
8. flow control valve, 9. sampling port, 10. manometer, 11. soil
column, 12. sampling port, 13. flow meter.
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(3) sampling the inflow and outflow concentrations and recording the time at
which samples were taken, and (4) removing the VOC from the column and
sampling the outflow concentration and the recording the time at which samples
were taken.
Before introducing the VOC into the soil column, the flow and input
concentration was steadied. Samples were drawn from the apparatus through
teflon-lined septa sampling ports using a 100-pI gas-tight syringe. The samples
were then injected into a Varian 3700 gas chromatograph equipped with a flame
ionization detector (FID). The output of the detector was analyzed using a
Hewlett-Packard 3390A integrator. The gas chromatograph was calibrated with
standards before and after each soil venting experiment to ensure equipment
consistency and data quality (Davis, 1989). The calibration curves for the gas
chromatograph were linear over the range of concentrations used. Input concen
tration was varied by splitting the flow and using a flow control valve to control
the amount of flow routed through the VOC bottle. The remaining flow was
routed around the VOC bottle and through an additional gas washing bottle
containing water. The clean and contaminated air was recombined down-stream
of the VOC bottle and upstream of the inflow sampling port.
The time at which each sample was taken was recorded. While loading
the column with the VOC, the inflow and outflow concentrations were monitored.
The input concentration was erratic due to variations in flow and as a result, the
outflow concentrations during loading were also erratic. When the outflow
concentration matched the inflow concentration for a time period of approxi
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mately 30 minutes, clean air was introduced into the column to remove the VOC.
In order to prevent any additional VOC from entering the soil column via
diffusion, the VOC bottle was removed from the system. As before, the outflow
concentration was monitored as a function of time.
Flow was monitored and adjusted as necessary using the valve immediately
upstream of the inflow sampling port. The flow meter reading was recorded
every time a sample was taken. The flow meter readings were then time aver
aged and converted to a volumetric flow using the calibration curves developed
from the helium tracer experiments.
The moisture content was determined gravimetrically before and after each
experiment. The moisture content for both the wet and dry columns remained
constant for all experiments performed.
The room temperature was also monitored, and changes of 4°C (relative to
the column temperature) were observed for some experiments. The sampling
port was outside the temperature jacket and was therefore not temperature
controlled. The distance between the exit point (temperature controlled) and
sampling point (not temperature controlled) was on the order of millimeters.
Pressure was also monitored during the experiments. The pressure was
constant indicating there were no changes in pore geometry during the experi
ments.
A listing of all soil venting experiments performed is given in Table 3.5.1.
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Table 3.5.1 Listing of Soil Venting Experiments

0

Exp

(cm3

w

0

/cm3,)*

(cm\/cm3,)b

c

(cm/sec)

C
(mg/1)

V

Benzene
B3
B4
B5
B6
B8
B9
BIO
B15
B16
B17

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.09
0.09
0.09

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.28
0.28
0.28

0.19
0.19
0.30
0.10
0.10
0.29
0.19
0.13
0.23
0.33

348
374
426
389
149
152
105
357
368
344

0.09
0.09
0.09
0.09
0.18
0.18
0.18
0.18
0.18
0.18

0.28
0.28
0.28
0.28
0.17
0.17
0.17
0.17
0.17
0.17

0.32
0.33
0.14
0.21
0.10
0.19
0.30
0.19
0.30
0.11

35
45
35
32
37
33
34
16
15
13

p-xylene
XY1
XY2
XY3
XY4
XY5
XY6
XY7
XY8
XY9
XY10

* cm3 water/cm3 total (porous media).
b
c

cm3 air/cm3 total (porous media).
Obtained using the corresponding calibration curve for
the column used.
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3.6 Saturated Column Experiments
A series of three saturated column experiments were performed in order
to obtain independent estimates of kinetic rate coefficients, kinetic time scales,
and Kp for benzene. No saturated column experiments were performed using pxylene.
The apparatus and procedure were similar to that used in the soil venting
experiments. The only major difference was that a constant pressure pump was
used to move benzene in an aqueous phase solution through the soil column.
Mass balance problems occurred, and erratic data were obtained as the
result of a faulty feed system which consisted of a teflon bag containing the VOC
solution upstream of the pump. The problem with the feed system was that ben
zene vapors diffused through the teflon bag resulting in inflow concentrations that
decreased with time. As a result, the results of only one of the three saturated
experiments will be presented (experiment SAT2). The experimental parameters
for experiment SAT2 were as follows: Q = 0.76 pore volumes/hour, velocity =
0.003 cm/sec, input volume = 3.81 pore volumes. The porosity of the column
used was 37 percent; the bulk density = 1.67 g/cm3. One pore volume was 29.8
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CHAPTER 4
RESULTS
4.1 Helium Tracer Experiments
The helium tracer experiments were used to determine the mechanical
dispersion of the partially-saturated soil columns and its relation, if any, to
velocity. Breakthrough curves were analyzed using the non-linear least squares
curve-fitting program, CFITIM (van Genuchten, 1981). Dispersion was estimated
using the equilibrium model because of the symmetry displayed in the break
through curves (Figure 4.1.1). Fits were good with the sum of the squared errors
(SSQs) ranging from 0.002 to 0.023. Experiment H3W, shown in Figure 4.1.1, is
representative of the ten experiments; the remaining breakthrough curves are
contained in Appendix A.
Fitted retardation (R) factors were within 11 percent of the calculated
value of 1.0. Fitted values of pulse (T,) were also in close agreement with the
measured values (based on flow meter readings and time measurements), thus
confirming mass balance. Dimensionless parameters estimated by the curvefitting program are listed in Table 4.1.1.
Dispersion (D) is specific to the porous media as well as the contaminant
being transported. For purposes of this study, it is assumed that dispersion results
from two processes: (1) pore scale velocity variations, and (2) molecular diffusion;
both of which cause a broadening of the solute front.
The first process is called mechanical dispersion (Dm) which is assumed to
be constant for the porous media at a given moisture content and shows the same
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Figure 4.1.1. Observed and fitted data for experiment H3W using the e q u i l i b r i u m
model.

Table 4.1.1

Exp

Curve-fitting Results for the Helium Tracer Breakthrough Curve
Data using the Equilibrium Model"

v.

(cm/sec)

SSQ

P

Rb

0.008
0.002
0.002
0.023
0.018

16.2
26.4
27.8
31.3
33.2

1.06 (1.0)
1.04 (1.0)
1.04 (1.0)
1.04 (1.0)
1.04 (1.0)

2.6 (2.6)
2.9 (3.1)
2.9 (3.2)
3.2 (3.6)
3.5 (3.9)

0.012
0.002
0.002
0.003
0.017

8.1
15.9
28.8
37.3
54.5

1.11 (1.0)
1.06 (1.0)
1.03 (1.0)
1.02 (1.0)
1.01 (1.0)

2.9 (2.9)
3.5 (3.6)
3.0 (3.2)
2.8 (3.0)
2.5 (2.8)

rp b
11

Wet soil column
H1W
H2W
H3W
H4W
H5W

0.07
0.13
0.18
0.23
0.33

Dry soil column
HID
H2D
H3D
H4D
H5D

0.07
0.12
0.19
0.24
0.39

* An absolute value of C0 could not be determined from the
gas leak detector.
b

Measured values are given in parentheses.
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mathematical behavior as the molecular diffusion coefficient (D„) appearing in
the diffusion equation (Fischer et al., 1979). Therefore, unlike slow processes,
mechanical dispersion does not affect the symmetry of the breakthrough curve.
Porous media diffusion (Dd) is a property of the pore geometry as well as
the compound. Many different expressions for Dd/D0 are contained in the
literature. A partial listing of porous media diffusion models appearing in the
literature is given in Table 4.1.2. The expression proposed by Lai et al. (1976)
was chosen because it gave mid-range Dd/D0 values (Figure 4.1.2) based on the
characteristics of the columns used when compared to other models.
D„ is the molecular diffusion coefficient for species 'B' diffusing through
species 'A' or vice versa. The value of D0 is calculated using the ChapmanEnskog kinetic theory of gaseous diffusion (Welty et al., 1976):

D0 = (0.001858)T3/2(1/Ma + l/MB)1/V(paA02n)

(4.1.1)

where D0 = molecular diffusion coefficient (cm2/sec), T = absolute temperature
(K), Ma = molecular weight of molecule A (g), MB = molecular weight of
molecule B (g), p = pressure (atm), crAB = collision diameter (A), and n =
collision integral (dimensionless).
The underlying assumptions of this equation are: (1) the system consists of
only two gases, (2) the gas molecules are non-polar (there is no transport due to
electrostatic attraction), and (3) the system has a low density (there is no trans
port due to gravity flow). A third component, water vapor, was initially considered

Table 4.1.2 Porous Media Vapor Diffusion Models

Model

D„/D0

Reference

1

0.31-0.59ew

de Jong and Schappert (1972)

2

0.777e,/(e,+eJ-0.274

Albertson (1979)

3

0.660,

Penman (1940)

4

0.619,

van Bavel (1951)

5

0,</3

Lai et al. (1976)'

6

e.3'2

Marshall (1959)

7

5.25et2,3B

Grable and Siemer (1968)

8

0.9ea-0.1

Wesseling (1962)

9

e;°'V(©,+ew)2

Millington (1959)

10

e.V(e,+ew)7/z

Currie (1970)

* Model used for this study.
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re 4.1.2. Dd/D0 vs. 6a based on porous media diffusion models appearing in
the literature. Numbers correspond to the models given in Table
4.1.2. The vertical dashed lines show the range of 0, used for this
study.
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in the calculations and was found to have no effect. Calculated D0 values were as
follows: D„ for helium = 0.76 cm2/sec, D0 for benzene = 0.09 cm2/sec, and D0
for p-xylene = 0.07 cm2/sec.
Like mechanical dispersion, porous media diffusion results in a broadening
of the breakthrough curve. Since these two processes have a similar effect on
transport, (although the mechanisms are different), they are summed to yield the
hydrodynamic dispersion coefficient (D):

D = Dm + D„

(4.1.2)

where Dm and Dd are expressed in units of cmVsec.
Dispersion (D) is calculated from P given v, and L (D = vaL/P). Mechan
ical dispersion (D„,) is calculated from D by substituting the porous media
diffusion values (Dd) determined using the model of Lai et al. (1976). The values
of Dm for each velocity are listed in Table 4.1.3.
Best-fit power functions relating Dm and v, indicate that mechanical
dispersion is directly related to velocity in the wet column and is independent of
velocity in the dry column (Figure 4.1.3). The best-fit curves are:

Wet Column

Dm = 0.88V,1,32

(4.1.3)

Dry Column

Dm = 0.04v/0'4'

(4.1.4)
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Table 4.1.3

Dispersion, Mechanical Dispersion, and Porous Media Diffusion for
the Wet and Dry Soil Columns

v.
(cm/sec)

D
(cm2/sec)

Dd
(cm2/sec)

Dm
(cm2/sec)

Wet soil column
0.07
0.13
0.18
0.23
0.33

0.13
0.15
0.19
0.22
0.30

0.10
0.10
0.10
0.10
0.10

0.03
0.05
0.09
0.12
0.20

0.26
0.23
0.20
0.19
0.21

0.14
0.14
0.14
0.14
0.14

0.12
0.09
0.06
0.05
0.07

:oil column
0.07
0.12
0.19
0.24
0.39
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Figure 4.1.3. Mechanical dispersion vs. average linear velocity.
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The small values of the coefficient and exponent for the best-fit curve
indicate that Dm is independent of velocity in the dry column. This is the result
of: (1) relatively large pore openings resulting in less tortuous paths, and (2)
porous media diffusion, which is independent of velocity, being the predominant
means of dispersive transport at all velocities for helium.

4.2 Saturated Column Experiments
The outflow data obtained from the saturated column experiment (exper
iment SAT2) were used to generate a breakthrough curve that was analyzed using
the single-fluid version of the one-site kinetic model discussed in Chapter 2.
Because of leakage problems resulting from diffusion through the teflon feed
system, the sorption-limb data were erratic, resulting in a large mass-balance
error. Curve-fitting the desorption limb gave a Kp of 0.48 +. 0.16 cm3/g. This is
approximately five times greater than the Kp value estimated from the carbonbased partitioning equation (Eqn. 1.2.5) of Schwarzenbach and Westall (1981),
0.10 cmYg for a soil having an foc of 0,00097. Because of the large mass-balance
error, Kp was not estimated by integrating the area under the breakthrough curve.

4.3 Soil Venting Experiments
Soil venting experiments were run using benzene and p-xylene under a
variety of conditions that included varying moisture content and flow rate.
The outflow data from the soil-venting experiments were used to generate
breakthrough curves. The breakthrough curves were analyzed using: (1) a
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Figure 4.2.1. Observed and fitted breakthrough curves for experiment SAT2 using
the one-site kinetic model of van Genuchten (1981). R, T„ and u>
were fitted by the program CFITIM.
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planimeter to obtain mass balance errors (the ratio of mass out to mass in), the
retardation factor (R), and the partition coefficient (Kp), and (2) the curve-fitting
program (CFIT1M) to determine kinetic parameters related to slow diffusion
through water and slow sorption and desorption from organic matter.

4.3.1. Mass Balances
Figure 4.3.1 illustrates the technique used to determine the mass balance
ratios. The total input mass is the area under the input curve (A + B), while the
total outflow mass is the area under the outflow curve (B + C). Planimetric
measurements were reproduced twice, and the calculated error was between 5
and 10 percent of the measure area. The mass balance ratios (defined as mass
out/mass in) are given in Table 4.3.1.
Mass balance errors for the benzene soil venting experiments were
generally reasonable with errors for all experiments no greater than 11 percent
except for experiment B15, which had a mass balance error of 19 percent. The
mass balance errors for the benzene experiments, with the exception of experi
ments B8 and BIO, result from underestimating the input mass (i.e., mass outflow
exceeded mass inflow). This is attributed to condensation of benzene within the
apparatus upstream of the soil column or sorption to the teflon fittings during the
loading step. Equilibrium mass distribution calculations (calculations based on
the equilibrium distribution of mass in each phase using KH values from Mackay
and Shiu (1981) and Kp values obtained from planimetric integration (Table
4.3.1)) show that the concentration in the water was approximately 11 percent
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Pore Volumes
Figure 4.3.1. Hypothetical inflow and outflow curves illustrating the method of

calculating mass balance from the area under the curves. A + B =
B + C and A = C - R, the retardation factor.

Table 4.3.1 Mass Balance Results

Exp

C0
(mg/1)

mass
balance
ratio"

T,b

1.03
1.09
1.04
1.04
0.96
1.11
0.99

9.4 (9.5)
9.4 (9.5)
7.1 (7.4)
7.4 (7.4)
7.4 (8.0)
6.7 (7.2)
9.4 (9.5)

Kp
Rc (cm3/cm3)

Wet soil column
B3
B4
B5
B6
B8
B9
BIO
XY5
XY6
XY7
XY8
XY9
XY10

348
374
426
389
149
152
105
37
33
34
16
15
13

1.19
1.26
1.25
0.97
1.04
0.92

1.3
1.2
1.2
1.3
1.2
1.0
1.4

0.11
0.08
0.08
0.11
0.08
0.03
0.13

_

_

_

-

-

-

-

-

-

5.4
4.8
5.5

14 (15)
16 (16)
12 (12)

1.56
1.35
1.59

Dry soil column
B15
B16
B17
XY1
XY2
XY3
XY4

357
368
344

1.19
1.04
1.11

35
45
35
32

1.16
1.18
1.20
1.28

_

27 (25)
21 (18)

•

•

3.6
2.4

0.66
0.37

•

_

•

-

-

-

-

-

-

-

-

-

* Defined as mass out/mass in.
b

Measured (planimetric) values given in parentheses.
Fitted values of T, are the same for all models.

c

Average R = (A + C)/2 (see Figure 4.3.1). .
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below solubility for all high concentration benzene experiments (with the excep
tion of B5), implying that there was no liquid benzene present in the soil column.
(The low concentration benzene experiments had aqueous phase concentrations
that were approximately 66 percent below solubility.) The mass balance errors
for B8 and BIO are small (4 percent and 1 percent, respectively).
Mass balance errors for the p-xylene soil venting experiments were variable
with errors ranging from 3 percent to 28 percent, with the average error being 17
percent. The mass balance errors associated with the p-xylene soil venting
experiments are similar to those of the benzene soil venting experiments in that
the mass output exceeded the mass input for all experiments with the exception
/

of XY8 and XY10. p-xylene, which has a lower vapor pressure, as well as a
higher Kow than benzene, is more likely to condense. Equilibrium mass distribu
tion calculations show that the concentration of p-xylene in the water was
approximately 35 and 74 percent below solubility for the high and low concentra
tion experiments, respectively, thus implying that there was no liquid p-xylene
present in the soil column. The mass balance errors for the low concentration
experiments (XY8, XY9, and XY10) are much lower than for the high concentra
tion experiments.
Mass balance is important in that breakthrough curves demonstrating poor
mass balance are difficult to reproduce using analytical solutions. Therefore, T,
was allowed to vary in order to achieve mass balance. The observed and fitted
pulse values (T,) differ proportionally to the size of the mass balance ratio. The
value of R, and hence, Kp, may also vary in response to mass balance errors.

Adjusted and observed T, values are shown in Table 4.3.1. Since mass
balance is independent of the model used, the fitted values of T, are the same
(within 1 to 6 percent) for all models.
The area between the inflow and outflow curves (area 'A' of Figure 4.3.1)
is R, the retardation factor. This is true for both the sorption and desorption
limbs (A = C for mass balance). Because of mass balance errors, the average R
((A + C)/2) is reported as the observed value in Table 4.3.1. Outflow concentra
tions did not reach inflow concentration levels during experiments XY1, XY2,
XY6, and XY8. This indicates that the retardation factor (R) determined from
these experiments are underestimates.
Using the average value of R obtained by planimetric integration, C0, and
the air-filled pore volume, the immobilized (dissolved and sorbed) mass can be
determined. The mass in the air can be determined using C0, ©aT and the airfilled pore volume. The dissolved concentration (Cw) is estimated using KH and
C0. The dissolved mass is estimated using Cw, 0W, and the air-filled pore volume.
The mass in the soil is the immobilized mass minus the dissolved mass. The
concentration in the soil is estimated using the bulk density and the density of the
quartz sand (2.65 g/cm3) to determine the volume of soil in the column. Kp can
be then determined. Kp values estimated from the planimetric R values are listed
in Table 4.3.1.
Since the concentrations in, and the volumes of, each phase can be
determined, the relative distribution of mass among the phases for both com
pounds at both moisture contents at equilibrium can be estimated. Because the
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values of K„ estimated using planimetric integration varied (K„ benzene = 0.20 +_
0.18 cmVcm3, K„ p-xylene = 1.50 +, 0-13 cm3/cm3; the error representing one
standard deviation), the carbon-based K,, values of Schwarzenbach and Westall
(1981) were used to determine the equilibrium mass distribution in each phase
(Table 4.3.2).

4.3.2 Curve-Fitting Results
Large mass balance errors significantly bias the parameter values obtained
from the curve-fitting program for the models used. Experiments having mass
balance ratios between 0.85 and 1.15 will be the only ones analyzed and dis
cussed. (The dry column p-xylene experiments will not be discussed).
Breakthrough curves obtained from the wet column experiments exhibited
more tailing, indicating that slow diffusion is important.
Tailing for the dry column and wet columns was also seen to increase with
velocity.
All experiments were fitted using the one-site kinetic model using a threeparameter curve-fitting scheme in which P was fixed, while R, T1t and w were
allowed to vary.
4.3.2.1 Equilibrium model. Two modeling schemes were used when
attempting to fit the data with the equilibrium model subroutine of CFITIM.
The first was a three-parameter curve-fitting scheme in which all three param
eters of the equilibrium model (P, R, and T,) were determined by the program.
The second scheme, a two-parameter curve-fitting scheme, involved fixing the
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Table 4.3.2

Equilibrium Mass Distribution of Benzene and p-Xylene in the Soil,
Aqueous, and Vapor Phases* "

Compound

Column

Air (%)

Water (%)

Soil (%)

Benzene

wet

10.6

46.0

43.4

Benzene

dry

20.0

28.0

52.0

p-xylene

wet

4.5

15.0

80.5

p-xylene

dry

7.4

8.3

84.3

* . Reported as the percentage of total mass in the system.
b

Values obtained using the theoretical (carbon-based partitioning equation) Kp
(0.10 cm3/g for benzene and 0.56 cm3/g for p-xylene). Calculation assumes
foc = 0.00097.

value of P based on results from the helium dispersion studies and allowing the
program to vary only R and T,.
In the first scheme, a lower than expected P value indicates that transport
under a given set of conditions (moisture content, velocity, and concentration) is
hindered by a non-equilibrium process. A decrease in P serves to broaden the
breakthrough curve by increasing dispersion (Figure 2.2.2). Therefore, the
equilibrium model can fit tailing on breakthrough curves due to non-equilibrium
processes by increasing dispersion. The values of D were increased for all cases
which suggests that non-equilibrium processes are important (Table 4.3.3).
Plots of D/D0 versus v,d/D0 for benzene and p-xylene experiments were
prepared using the results of the equilibrium model in order to analyze tailing in
the breakthrough curves (Figure 4.3.2). The parameter d is the effective grain
diameter which was estimated using the average aggregate grain diameter as
determined by dry sieving (0.0505 cm) and the moisture content. The value of d
was 0.0548 cm for the wet column and 0.0528 cm for the dry column.
Figure 4.3.2 shows that both compounds exhibit tailing (the value of D/D0
for the compounds is greater than that for helium) at both moisture contents, and
that tailing in the wet column is greater than in the dry column. The
figure also shows that benzene and p-xylene exhibit similar tailing at both
moisture contents.
The second scheme (fixing P and allowing R and T, to vary) was used in
order to determine if the equilibrium model adequately describes any of the

Table 4.3.3

Exp

Curve-fitting Results for the Benzene and p-Xylene Soil Venting
Experiments using the Equilibrium Model®
SSQ

v4
(cm/sec)

R

T,

D x 10"2
(cm2/secb)

Wet soil column
B3
B4
B5
B6
B8
B9
B10

0.06
0.12
0.12
0.09
0.12
0.14
0.30

0.19
0.19
0.30
0.10
0.10
0.29
0.19

1.1 (1.3)
0.9 (1.2)
0.7 (1.2)
0.9 (1.3)
1.2 (1.2)
0.7 (1.0)
1.1 (1.4)

9.4 (9.5)
9.4 (9.5)
7.1 (7.4)
7.4 (7.4)
7.4 (8.0)
6.7 (7.2)
9.4 (9.5)

237.5 (10.7)
167.6 (10.7)
473.7 (18.9)
68.2 (5.1)
62.5 (5.1)
334.6 (18.1)
247.8 (10.7)
\

Dry soil column
B16
B17

0.74
0.55

0.23
0.33

2.5 (3.6)
1.5 92.4)

0.19
0.30
0.11

6.9 (5.4)
4.0 (4.8)
5.1 (5.5)

27.0 (25.0)
21.0 (18.0)

43.7 (9.6)
145.6 (9.6)

Wet soil column
XY8
XY9
XY10

0.38
0.07
0.13

" P, R, and T, were fitted by the program.
b

Calculated values are given in parentheses.

14 (15)
16 (16)
12 (12)

158.3 (10.5)
250.0 (18.7)
49.3 (5.5)
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Figure 4.3.2. D/D0 vs. v#d/D0 for the benzene and p-xylene using the equilibrium
model. P, R, and T, were fitted by the program CFITIM.

breakthrough curves. Fits obtained using this scheme were poor for both the
benzene and p-xylene venting experiments.
4.3.2.2 One-site kinetic model. A curve-fitting scheme in which P was
fixed and R, T„ and

CJ

were fitted was used to obtain transport and kinetic

parameters. The curve-fitting results for the experiments with good mass balance
ratios are listed in Table 4.3.4.
Values for R obtained from the one-site kinetic model were in agreement
with those calculated by means of planimetric integration.
CJ

values are observed to be lowest for the high velocity experiments and

highest for the low velocity experiments. This suggests that tailing increases as
velocity increases.
Figures 4.3.3 and 4.3.4 are representative plots of observed and fitted data
for the wet and dry column benzene experiments, respectively. The remaining
plots are contained in Appendix B. Figure 4.3.5 is a representative plot of
observed and fitted data for the wet column p-xylene experiments. The remain
ing plots (XY8 and XY10) can be found in Appendix C.
Although the SSQs were relatively large, tailing was reproduced well
because most of the error was due to poor fits to data on the steepest portion of
the breakthrough curve.
The dimensional parameters obtained using the dimensionless parameters
fitted by the one-site kinetic model are listed in Table 4.3.5.
Fitted Kp values were within a factor of two of the calculated (planimetric
integration) values. The fitted values were also within a factor of two of the
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Table 4.3.4

Exp

Dimensionless Parameters Obtained Using the One-site Kinetic
Model"

SSQ

T,

U)

9.4 (9.5)
9.4 (9.5)
7.1 (7.4)
7.4 (7.4)
7.4 (8.0)
6.7 (7.2)
9.4 (9.5)

0.3
0.2
0.2
0.3
0.5
0.2
0.3

R
(cm/sec)

Wet soil column b
B3
B4
B5
B6
B8
B9
BIO

0.25
1.35
2.36
1.00
0.50
2.77
1.41

0.19
0.19
0.30
0.10
0.10
0.29
0.19

1.5 +
1.4 +
1.4 +
1.4 +
1.5 +
1.4 +
1.8 ±

0.1 (1.3)
0.4 (1.2)
0.4 (1.2)
0.2 (1.3)
0.1 (1.2)
0.4 (1.0)
0.5 (1.4)

XY8
XY9
XY10

0.49
0.18
0.33

0.19
0.30
0.11

6.2 + 0.2 (5.4) 14.0 (15.0)
3.8 + 0.1 (4.8) 16.0 (16.0)
5.0 +. 0.1 (5.5) 12.0 (12.0)

4.0
3.2
5.4

0.23
0.33

2.5 + 0.2 (3.6) 27.0 (25.0)
1.6 ± 0.2 (2.4) 21.0 (18.0)

8.0
0.6

Dry soil column1

B16
B17

0.76
0.49

a

Calculated values (Table 4.3.1) in parenthesis.

b

P was fixed using Eqn. 4.1.3 and Dd for the compound.

c

P was fixed using average dry column Dm = 0.08 cm2/sec
(see Table 4.1.3).
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Figure 4.3.3. Observed and fitted breakthrough curves for wet column experiment
B3 using the one-site kinetic model. R, T,, and w were fitted by the
program CFITIM. P was fixed at 53.1.
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Figure 4.3.4. Observed and fitted breakthrough curves for dry column experimciii
B17 using the one-site kinetic model. R, T1# and w were fitted by
the program CFITIM. P was fixed at 102.6.
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Figure 4.3.5. Observed and fitted breakthrough curves for wet column experiment
XY9 using the one-site kinetic model. R, T„ and w were fitted by
the program by CFITIM. P was fixed at 48.2.

Table 4.3.5

Exp

Dimensional Partitioning and Kinetic Parameters Obtained using
the One-site Kinetic Model".

SSQ

(cm3/cm3)

k, x 10"3
(sec"1)

k„ x 10"
(sec'1)

V

Wet soil column
B3
B4
B5
B6
B8
B9
B10

0.25
1.35
2.36
1.00
0.50
2.77
1.41

0.07 + 0.01 (0.04)
0.05 + 0.06 (0.03)
0.05 + 0.06 (0.03)
0.05 + 0.03 (0.04)
0.07 + 0.01 (0.03)
0.05 + 0.06 (0.01)
0.11 ± 0.07 (0.05)

1.9
1.3
2.0
1.0
1.7
1.9
1.9

7.8
6.5
10.3
5.2
6.9
10.0
4.9

XY8
XY9
XY10

0.49
0.18
0.33

0.69 + 0.03 (0.59)
0.37 + 0.02 (0.51)
0.53 + 0.02 (0.60)

25.1
32.1
20.0

10.5
24.6
10.6

0.15 ± 0.02 (0.25)
0.06 +_ 0.02 (0.14)

61.0
6.6

183.0
49.2

Dry soil column
B16
B17

0.76
0.49

* P Fixed and R, T,, and w fitted.
b Calculated values (Table 4.3.1) in parentheses.
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values calculated using the carbon-based partitioning equation of Schwarzenbach
and Westall (1981): 0.10 cm3/g for benzene and 0.56 for p-xylene for a soil with
an foc of 0.00097.
The average half-lives for sorption and desorption of benzene in the wet
column were 7 and 17 minutes, respectively. Corresponding half-lives in the dry
column were 1 and 1.5 minutes, respectively. The difference in the values
indicates that another process (perhaps slow aqueous diffusion) is important as
reaction rate coefficients should be independent of moisture content.
The average half-lives for sorption and desorption of p-xylene in the wet
column were 0.5 and 9 minutes, respectively. The desorption half-life for p-xylene
is an underestimate since tailing was underestimated. Because of its greater K,,,
p-xylene is expected to desorb more slowly than benzene.
4.3.2.3 Slow diffusion model. The slow diffusion model (which, like the
one-site kinetic model, has four parameters) was also used to fit the dry column
benzene experiments. A curve-fitting scheme in which P was fixed and R, Tt, and
w were fitted was used to obtain transport and kinetic parameters. Figure 4.3.6 is
a representative plot of the observed and fitted data for the dry column experi
ments. Curve-fitting results are given in Table 4.3.6.
The slow diffusion model underestimated tailing in the wet column for
both compounds, suggesting that other process(es) were operative at the higher
moisture content (perhaps slow reactions at the binding sites). Since the analyt
ical solution to the slow diffusion and one-site kinetic models are identical, the
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Figure 4.3.6. Observed and fitted breakthrough curves for dry column experiment
B17 using the slow diffusion model. R, T„ and w were fitted by the
program by CFITIM. P was fixed at 102.6.

Table 4.3.6

Dimensionless Parameters for the Dry Column Benzene Soil
Venting Experiments using the Slow Diffusion Model*1'.

Exp

SSQ

R

T,

w

B16

0.76

5.5 +. 0.3 (8.0)

59 (56)

15.0

B17

0.59

3.3 ± 0.3 (5.3)

45 (41)

4.4

" P was fixed and R, T1f and w were fitted by the program.
b

Calculated values (Table 4.3.1) given in parenthesis.
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poor fit indicates that the curve-fitting scheme is sensitive to shifting the break
through curves by means of different T, expressions.
R values were within a factor of two of those calculated by planimetric
integration.
Dimensional parameters obtained using the dimensionless ones obtained
using the slow diffusion model are presented in Table 4.3.7.
Fitted Kj, values were within a factor of four of both the calculated and
carbon-based partitioning values.
The average half-life for diffusion (calculated using aw) is 0.5 minutes.
This is approximately the same as the sorption and desorption half-lives obtained
using the one-site kinetic model.
Calculations based on the aqueous phase diffusion coefficient of benzene
(9.7 x 10"6 cm2/sec; Welty et al., 1976) and the average aw show the diffusive path
length to be 0.02 cm. Since this is an order of magnitude greater than the water
film thickness (i.e., the effective aggregate diameter (0.0528 cm) minus the
aggregate diameter (0.0505 cm) = 0.0023 cm), it is concluded that intra-aggregate
diffusion must be considered if the slow diffusion model is to be used to describe
these experiments. If diffusion is limited to the external film of water surround
ing the aggregate, it is not a rate-limiting step since it is estimated that the
diffusive path length must be at least 0.006 cm in order for aqueous diffusion of
benzene to be rate-limiting.
In an effort to fit the tailing in the wet column, a minimum w was calcu
lated assuming a diffusive path length that was one-half the effective diameter
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Table 4.3.7

Dimensional Partitioning and Kinetic Parameters for the Dry
Column Benzene Soil Venting Experiments using the Slow Diffusion
Model*.

Kp
Exp

SSQ

(cm3/cm3)b

qw x 10"3

(sec-1)

Dry soil column
B16

0.76

0.10 +. 0.02 (0.36)

25.6

B17

0.59

0.03 +. 0.02 (0.11)

21.0

" P fixed and R, T1( and u fitted.
b

Calculated values (Table 4.3.1) in parenthesis.
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(d). This resulted in a poor fit. Poor fits also resulted when w was fixed at
values one and two orders of magnitude less than the minimum value.
4.3.2.4 Two-compartment model. Analytical evidence (i.e., the one-site
kinetic model gives moisture content dependent half-lives and Figure 4.3.2)
showed tailing in the wet column to be greater than in the dry column. It is
expected that multiple processes are occurring in the wet column (e.g., slow
reactions at the binding sites due to the hydrophobicity of VOCs, slow diffusion,
as well as slow sorption and desorption). These processes must be considered
when describing the wet column experiments. For this reason, the two-compart
ment model (which assumes equilibrium is approached slowly at some sites) was
used to fit the wet column breakthrough curves.
A four-parameter curve-fitting scheme was used when fitting the data with
the two-compartment model. P was fixed and R, T„ OJ, and /? were fitted by the
program.
The two-compartment model was successful in reproducing the wet column
benzene breakthrough curves. However, F values obtained using the twocompartment model were out of the specified range (0 to 1); therefore, analysis
of the wet column benzene breakthrough curves is restricted to the one-site
kinetic model. Tailing in the dry column experiments was overestimated by the
two-compartment model.
The two-compartment model was successful in reproducing the wet column
p-xylene breakthrough curves. The curve-fitting results are listed in Table 4.3.8.

Table 4.3.8

Dimensionless Parameters for the p-Xylene Soil Venting
Experiments using the Two-compartment Model® "

Exp

SSQ

Rc

T,

P

w

XY8

0.48

30.3 (25.0)

63 (71)

0.30

3.0

XY9

0.06

18.7 (22.5)

76 (75)

0.50

1.1

XY10

0.07

24.7 (25.5)

56 (57)

0.57

1.1

a

P was Fixed and R, T1t
program.

b

Calculated values (see Table 4.3.1) given in parentheses.

p,

and

to

were fitted by the

Figure 4.3.7 shows a representative plot of the observed and fitted data for
the wet column p-xylene experiments using the two-compartment model. The
remaining p-xylene plots (XY8 and XY10) are contained in Appendix C. The
large SSQ for XY8 is the result of erratic data at the top of the breakthrough
curve and does not reflect a failure in the prediction of observed tailing. Dimen
sional parameters calculated using the dimensionless parameters are given in
Table 4.3.9.
Fitted Kj, values were within a factor of two of both the calculated and
carbon-based partitioning values.
The average value of k, for the low concentration experiments was 0.016
sec"1, which gives a half-life of 0.7 minutes. The average value of k„ for the low
concentration experiments was 0.0008 sec*1, which gives a half-life of 15 minutes.
These values are approximately the same as those obtained using the one-site
kinetic model; therefore, the only additional information obtained by using the
two-compartment is an estimate of F.
The largest F value for the low concentration p-xylene venting experiments
is obtained for the lowest velocity experiment (XY10), while smaller F values are
obtained for the higher velocity experiments (XY8 and XY9). This is expected
since equilibrium conditions, which are suggested by larger F values, are
approached as velocity decreases.
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Table 4.3.9

Dimensional Partitioning and Kinetic Parameters for the p-Xylene
Soil Venting Experiments using the Two-compartment Model®

If b
(cmVcm3)

k Y m~3
(sec*1)

if * ifl"3
(sec"1)

Exp

SSQ

XY8

0.48

0.73

0.05 (0.55)

23.8

0.9

0.2

XY9

0.06

0.40 +_ 0.02 (0.53)

15.7

1.2

0.3

XY10

0.07

0.57 ±_ 0.02 (0.68)

8.0

0.4

0.5

+.

4

P was fixed and R, T„ p, and w were fitted by the program.

b

Calculated values (Table 4.3.1) in parentheses.

F
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CHAPTER 5
DISCUSSION
5.1 Helium Tracer Experiments
Results show the Dm for the wet soil column increases with increasing
velocity. Dm for the dry column is independent of velocity because porous media
diffusion (Dd), which is independent of velocity, is the primary means of disper
sive transport at all velocities for helium (Table 4.1.3).
Freeze and Cheriy (1979) maintain that exponents of v, between 1 and 2
imply velocity dependent mechanical dispersion for aqueous phase transport.
This axiom can be extended to vapor phase transport provided that flow is
incompressible. Flow versus pressure experiments showed the flow to be incom
pressible; therefore, the power functions (Eqns. 4.1.3 and 4.1.4) indicate that the
wet column has velocity dependent mechanical dispersion while the dry column
has a mechanical dispersion independent of velocity. The negative exponent
obtained for the dry column is the result of the erratic behavior of the data and
the resulting best-fit line and is therefore not interpreted as a trend.
The values obtained for vad/D0 and D/D0 (Figure 4.3.2) indicate that the
dispersive behavior of both columns lie in the "transition zone" (Zone II)
described by Bear (1979). This zone marks the transition from velocity indepen
dent mechanical dispersion to velocity dependent mechanical dispersion.
Due to heterogenities on the field scale, mechanical dispersion coefficients
are often orders of magnitude greater than those obtained on the laboratory scale
using homogeneous porous media. Therefore, it is unlikely that these results arc
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applicable on the Field scale. For field scale experiments, dispersion should be
calculated for the system being studied.

5.2 Saturated Column Experiment
The one-site kinetic model overestimated tailing in the desorption limb of
experiment SAT2 (Figure 4.2.1). Furthermore, the benzene Kp obtained from the
saturated column experiment (0.48 +. 0.16 cm3/g) using this model is higher than
that predicted by the carbon-based partitioning equation of Schwarzenbach and
Westall (1981) (0.10 cm3/g) for a soil having a foc of 0.00097. It is believed that
the erroneous K,, value results from the mass balance error and erratic data near
the top of the desorption limb.
The mass balance error could have been the result of a faulty feed system.
The feed system was a teflon bag containing the contaminant in solution.
Diffusion of the VOC through the bag resulted in a gradual decrease in the inpui
concentration throughout the experiment. A glass reservoir fitted with stainless
steel or glass stoppers could eliminate this problem.

5.3 Soil Venting Experiments
5.3.1 Mass Balances
Due to large mass balance errors (16 to 28 percent), none of the dry
column p-xylene breakthrough curves were analyzed.
The R values for the dry column exceed those of the wet column for both
compounds. However, this is difficult to state conclusively due to mass balance
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errors. Since retardation is observed to increase with an increase in the mass
fraction present in the soil (i.e., a decrease in moisture content), this suggests that
the soil phase contributes to retardation more than the aqueous phase.
The larger R values indicates that p-xylene partitions to the immobile
phases (water and soil) to a greater extent than benzene. This result is demon
strated by equilibrium mass distribution calculations (Table 4.3.2) which show that
80 and 89 percent of the benzene is present in the immobile (aqueous and soil)
phase for the dry and wet column and 89 percent is immobilized in the wet
columns, respectively. Ninety-three and 96 percent of the p-xylene is located in
the immobile phases in the dry and wet columns, respectively.
The benzene Kp values obtained by planimetric integration of break
through curves displaying small mass balance errors were within a factor of two
of the theoretical benzene Kp calculated using the carbon-based partitioning
equation of Schwarzenbach and Westall (1981) which is 0.10 cm3/g for a soil
having a foc of 0.00097.
The K„ values obtained by planimetric integration for the low concentra
tion, low mass balance error, p-xylene experiments agree with the calculated
(carbon-based partitioning equation) p-xylene Kp which is determined to be 0.56
cm3/g.
Table 4.3.2 shows that at higher moisture contents, a greater percentage of
mass is present in the aqueous phase; therefore, moisture dependent rate-limiting
processes (such as slow intra- or inter-aggregate diffusion through the aqueous
phase) may be important in these conditions. This is intuitively appealing since,
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at higher moisture contents, diffusive path lengths and hence, time scales of
diffusion, will increase.

5.3.2 Curve-fitting Results
Equilibrium modeling results indicated that tailing in the wet column was
greater than in the dry column (Figure 4.3.2). The equilibrium model using the
known dispersion values underestimated tailing in all experiments. Therefore, the
breakthrough curves were modeled using kinetic (non-equilibrium) models.
The one-site kinetic model using the three-parameter curve-Fitting scheme
gave good fits to data for all breakthrough curves. Time scales for sorption and
desorption were on the order of minutes. The corresponding w values for these
time scales are one to two orders of magnitude less than the equilibrium UJ value
of 50 (Schwarzenbach and Westall, 1981), suggesting that these systems are
indeed non-equilibrium systems.
The moisture content dependence of the kinetic time scales indicates that
slow sorption and desorption are not the only slow processes occurring. Slow
aqueous phase diffusion may account for the difference in time scales since the
time scale of slow diffusion increases with moisture content as a result of the
increase in diffusive path length. The sorption and desorption time scales for the
wet column were approximately 6 and 15.5 minutes greater than those for the dry
column. This suggests that the one-site kinetic model does not provide accurate
parameter estimates at the higher moisture content since sorption and desorption
rate coefficients should be independent of moisture content.
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The slow diffusion model can be used to fit the dry column (benzene)
experiments. A reasonable interpretation of this result is that intra-aggregate
aqueous phase diffusion is occurring. The estimated time scale for aqueous phase
diffusion in the dry column (0.5 minutes) corresponds to a diffusive path length
(0.02 cm) that is an order of magnitude longer than the water film thickness
(0.0023 cm). The diffusive time scale obtained using the slow diffusion model is
approximately equal to the kinetic time scales given by the one-site kinetic model.
Wu and Gschwend (1988) formulated a model that accounted for tailing
using intra-aggregate diffusion. Their model contains an effective diffusion
coefficient that is related to K„. Their model worked well for sandy soils with a
narrow aggregate size distribution, such as the one used for this study.
The slow diffusion model underestimated observed tailing in the wet
column breakthrough curves implying that are other slow processes occurring.
The two-compartment model provided good fits to the wet column pxylene breakthrough curves as well as F values that were in the specified range.
However, kinetic parameters were approximately the same as those given by the
one-site kinetic model; therefore, no additional kinetic information related to
aqueous diffusion and reactions (except for F values) was obtained by using the
two-compartment model.
To determine if the time scales of the rate-limiting process determined in
the column experiment would be important on to field-scale operations, a
calculation can be made using reasonable values for air flow and radius of
influence for an extraction well (30 ft3/sec and 3 feet, respectively; Woodward

and Clyde Consultants, 1986). This calculation gave w values that were greater
than 50 for both benzene and p-xylene, suggesting that the processes considered
in this study may not be important on the field scale for these two compounds.
As the tailing was underestimated in some of the curve fits, more experimental
work is needed to state this conclusively. For more hydrophobic compounds and
greater air flow rate, these processes may be important.
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CHAPTER 6
CONCLUSIONS
The breakthrough curves obtained in this study indicated that micro-scale
processes result in non-equilibrium conditions thus reducing the rate at which
VOCs are removed via soil venting on the laboratory scale. The operative microscale processes were assumed to be slow reactions at sorption sites and slow
aqueous phase intra-aggregate diffusion. Kinetic parameters obtained from the
breakthrough curves suggest that equilibrium conditions will exist on the field
scale for the processes studied.
Tailing of breakthrough curves was observed to increase with moisture
content. This observation suggests that there are moisture-dependent processes
that control the removal of VOCs. Two processes that have been suggested are
inter- and intra-aggregate aqueous phase diffusion. This was confirmed using the
fitted parameters obtained for the one-site kinetic model which gave rate
coefficients that were found to be directly related to moisture content.
The one-site kinetic model is limited in that tailing is described solely in
terms of slow reactions at binding sites. It does not account for slow aqueous
phase diffusion. For this reason, the two-compartment model may give the best
qualitative description if more than one slow process is operative. For this study,
the two-compartment model did not provide any additional kinetic information.
The foc of the soil and the Kp values of benzene and p-xylene were
relatively low. For a higher foc soil and compounds with high Kp values, tailing
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may be entirely the result of slow reactions at the binding sites. In such systems,
the one-site kinetic model could provide an accurate quantitative description.

APPENDIX A
OBSERVED AND FITTED HELIUM
BREAKTHROUGH CURVES
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Observed and fitted data for experiment HIW using the equilibrium
model.
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Figure A.2.

Observed and fitted data for experiment H2W using the equilibrium
model
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Observed and fitted data for experiment H4W using the equilibrium
model
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Observed and fitted data for experiment H5W using the equilibrium
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108

APPENDIX A—Continued

1.00

0.75

O
U
\0.60
u

• Obicrved diti
- Equilibrium model

O.ZS
1.00 0 1 2 3 4 0 0 7 0 9 1 0 I I 1 2
I I I I|l i i I n i H > M M I I I I I | n I I I I I

Pore Volumes

Figure A.5.

Observed and fitted data for experiment HID using the equilibrium
model
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Figure A.6.
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Observed and fitted data for experiment H2D using the equilibrium
model
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Observed and fitted data for experiment H3D using the equilibrium
model
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Observed and fitted data for experiment H5D using the equilibrium
model

APPENDIX B
OBSERVED AND FITTED BENZENE
BREAKTHROUGH CURVES
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Figure B.l.

Observed and fitted breakthrough curves for experiment B4 using
the one-site kinetic model. R, T,, and u were fitted by the program
by CFITIM. P was fixed at 53.1.
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Figure B.2.

Observed and fitted breakthrough curves for experiment B5 using
the one-site kinetic model. R, T1F and w were fitted by the program
by CFITIM. P was fixed at 47.7.
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Observed and fitted breakthrough curves for experiment B6 using
the one-site kinetic model. R, T„ and w were fitted by the program
by CF1TIM. P was fixed at 58.7.
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Figure B.4.

Observed and fitted breakthrough curves for experiment B8 using
the one-site kinetic model. R, T„ and w were fitted by the program
by CFIUM. P was fixed at 58.7.
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Observed and fitted breakthrough curves for experiment B9 using
the one-site kinetic model. R, T1t and w were fitted by the program
by CFITIM. P was fixed at 48.1.
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Observed and fitted breakthrough curves for experiment B10 using
the one-site kinetic model. R, T„ and w were fitted by the program
by CFITIM. P was fixed at 53.1.
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Observed and Fitted breakthrough curves for experiment B16 using
the one-site kinetic model. R, T„ and w were fitted by the program
by CFITIM. P was fixed at 71.5.
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Observed and fitted breakthrough curves for experiment B16 using
the slow diffusion model. R, T„ and w were fitted by the program
by CFITIM. P was fixed at 71.5.

APPENDIX C
OBSERVED AND FITTED p-XYLENE
BREAKTHROUGH CURVES
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Figure C.l.

Observed and fitted breakthrough curves for experiment XY8 using
the one-site kinetic model. R, Tv and w were fitted by the program
by CFIT1M. P was fixed at 54.1.
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Observed and fitted breakthrough curves for experiment XY10
using the one-site kinetic model. R, T1( and w were fitted by the
program by CFITIM. P was fixed at 60.3.
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Figure C.3.

Observed and fitted breakthrough curves for experiment XY8 using
the two-compartment model. R, T„ w, and & were fitted by the
program by CFITIM. P was fixed at 54.1.
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Figure C.4.

Observed and fitted breakthrough curves for experiment XY10
using the two-compartment model. R, T„ w, and S were fitted by
the program by CFITIM. P was fixed at 60.3.
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