ABSTRACT

Sampling of the partially-saturated zone at the site of regular, long-termdiinping
and burning of jet fuels revealed vapor-phase concentrations of volatile organic conpounds
upHgradient fromthe point of dunping. This suggests that significant amounts of volatile
conpovids may be transported through the paxtially-saturated zone by vapor-phase dif-
fusion. The [aboratory component of this research examned both the steady-state and
transient diffusion behavior of toluene, a volatile organic conpound, in 6-cmlong col ums
packed with glass beads and soil. One end of a colum was exposed to tol uene vapor and
the other was sanapled periodically using an activated carbon trap. The results of these dif-
fusion experinents, when conpared to colvemdiffusion sinulated with a one-dinensiona
finite difference model, revealed a retardation effect during the approach to steady state
The retardation effect was attributed to vapor-aqueous and aqueous-solid phase partition-
ing. Linear sorption constants were determned for the experinental data using the finite
difference model. Although there was sone variability in the data fromone set of colum
runs to another, one set of experiments nmwth soil at 50-70%of saturation, was closely
approxi mated using a linear sorption coefficient consistent with the linear coefficient found
for a saturated systemin an independent batch experiment. Sorption parameters for the
saturated systemwere determned with a bottle-point equilibriumstudy and a non-Unear
FreundUch sorption nodel was found to describe the saturated systemnore accurately
than a linear model. For several of the diffusion colvunns however, the nodel, run with
Hhear sorption paraneters, predicted transient diffiision behavior that fit the experinenta

data wel | .
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In the United States, grotmdwater has become one of our most essential and most
exploited natural resources. W depend on groundwater for industrial and domestic use
for a number of reasons. In sone areas, such as the southwest, large influxes of people have
raised the demand for water in a region where surface water is not abtindant. In other areas
of the country groundwater is preferred to surface water because it is a nore reliable water
source. Annual and seasonal fluctuations are much more pronounced in surface water, and
surface water may not be convenient because it occurs at specific points, at springs, |akes
or rivers. Dependence on groundwater has also required Iess |ong-range planning because
there has al ways been a seemngly endless supply of it; as the popul ation of a region grows
we sinply install axiother well. Another advantage of groundwater has been its superior
quality; surface water is generally more susceptible to man-nade waste, either by run-off
or by direct dunping.

G oundwat er supplies, however, are neither infinite nor indestructible. Aquifers are
fragile, delicately-balanced natural systens which, because of their dynamc nature, are
easi |y contamnated, and difficult to restore. Recharge to an aquiifer systemoccurs mainly
through contact with surface water and by infiltration of rain water. This recharge water
filters through the subsurface environment, which can be divided into four general regions:
the soil zone, where plant [ife is supported; the vadose, or partially- saturated zone; the
saturated zone; and the capillary fringe zone, which is the interface between the saturated
and unsaturated zones. Figvire 1-1is a diagramof groimiwater subsurface zones

G oundwat er contam nation may occur in various ways. Contaminants in surface
water or spilled or dimped on the groimd svirface in a recharge zone may be carried
through the soil zone and into the vadose and satvirated zones by the natural recharge
mechani sms.  Another mejor threat to groundwater supplies cones from underground

AT TA 11
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storage tanks (USTs), which are used to store gasoline and industrial chemcals. The
Uretime of most existing tanks is approximately 18 years, and it was estimated that as
many as 100,000 tanks were leaking in the US in 1985 (Mackay et al., 1985).

Contam nants that have a higher density than water that pass through the vadose
zone and into the saturated zone may pass through this region and eventual |y acc\unul ate
at the bottomof the aquifer. However, organic conpovnds that are |ess dense than water,
such as many conponents of gasoline, will remain at the top of the saturated zone and
gradual Iy go into solution in the groimiwater. Some contaminants will remain as residuals
in the vadose zone as well, as is shown in Figure 1-2. In the saturated zone a contam nant
may sorb onto the soil fromthe Uguid phase, and once on the solid it my desorb back
into the grovmdwater. The contam nant may be transported by the bul k novenent of
the groimiwater and it may disperse through the groundwater by nol ecul ar novenent
and nechani cal mxing. Many large hydrocarbons will, in tine, chemcally degrade into
smal | er chemical species. Biological degradation also accounts for the destruction of many

groundwat er contanai nants

Contam nants that remain in the partially-saturated zone may partition into the vapor
phase as wel| as sorb onto solids (Figure 1-3). Movenment of contamnants in this region
can occur by btdk nmovenent of the vapor phase or by vapor-phase diffusion. Both chenica

and biol ogi cal degradation my al so occur in this region

Traditional ly, the evaluation of a contamnation problemhas been based on neasure-
ments fromthe saturated zone. Measurements of the free product, that is the contam nant
floating on the groundwater, and of the |ocation of the contam nant plunme have been used
to determne the extent of a spill and also to identify the source of a contamnant. Relying
on meastirenents fromthe saturated zone are not always adequate for these eval uations.
For the cases where the contamnation includes |owdensity hydrocarbons, a large vol ume
of these compounds may reside in the vadose zone. In this region the novenent of the

contam nant is not dependent upon the novenment of groundwater, but upon the bul k

X-3
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m

movenent of air, the frequency and amount of recharge, and perhaps nost inportantly
upon the concentration gradient of the contamnant in the vapor phase. Because vapors
difFxise fromaxeas of high concentration to areas of |ow concentration, volatile organic com
pounds may mgrate in any direction away froma source, including up-gradient fromthat
source. Once away fromthe area of high concentration the volatile organic compounds
(VOCs) will establish a new vapor-liquid equilibrivun and some will eventually end up in

the groundwater even up-gradient fromthe soiurce

The partially- saturated zone can hold great volumes of VQOC vapor, and migration of
these vapors by diffusion, although slow may occur over large distances. The result is that
over tine, the source of a contam nant spreads; what was once a small point source may
become a large source area. Diffusion of VOCs not only creates a problemin identifying
the source of a contamnant, it also conplicates restoration of a contamnated aquifer. The
cleanup of contamnants in the subsurface may he a small-scale operation if the remedia
action is talcen imediately after the release. But the longer the VOCs are left to diffuse
through the partially-saturated zone, the larger the source area becomes, and thus, the
larger the area requiring remedial action. Restoration of the saturated zone nust therefore

be coupled with restoration of the vadose zone which, with tine, may becone a significant

sovirce of additional contam nation.

Steady-state diffusion through porous media has been studied by some researchers in
order to determne the rate of movenent of pesticides, herbicides, or nutrients through
the soil (van Genuchten et al., 1977; Albertson, 1979). Researchers have al so attenpted
to quantify the rate at which benzene or other industrial waste products vaporize out of
landfills (Farmer et al., 1980; Karim et al., 1987), and others have determned the diffusion
paraneters at potential hazardous waste disposal sites to determne how effectively the
waste will be contained (Weeks, 1982). The characteristics of transient diffusion in porous
media have only recently begun to receive attention due to the large niinber of sites at
which VOCs have heen rel eased, and due also to the source-spreading probl ens associ ated

1-6
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wth these sites, which was discussed earher. The objective of this work was to quantify the
transient nature of vapor-phase diffusion in the partially- saturated zone, while accounting

for partitioning into the aqueous and solid phases.
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2 THEORETI CAL BACKGROUND

2.1 Darcy's Law

In the year 1856 a French engineer named Henry Darcy devel oped an enpirical |aw
that governs the flow of water through porous media. Darcy's experinental apparatus
consisted of a satvirated cylinder of porous media. VWater flowed in one end of the cylinder
at flowrate Q and flowed out the other end at the sane flow rate. Each end of the cylinder
was connected to a reservoir suspended above it, each at a different height, hi and /12. The
experinents consisted of varying hi, /12, and A, the length of the colum, and neasuring

the resiilting flowrate out of the colum. The specific discharge, gx is defined as:

Q
O X

5 (2-1)

where Ais the cross-sectional area of the coltmn and g has units of length per tine.
Darcy fotnd that the specific discharge is directly proportional to the difference in reservoir

elevations, hi —/12, for constant A/, and inversely proportional to A/ for constant Ah:

Ah

o- AN (2-2)

or

dh

i . = -K~ (2-3)

Kis the constant of proportionality known as the hydratdic conductivity. HydrauHe con-
ductivity is a fxnction of both the nedia and of the fluid flowng through it.

2-1
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The hydraulic conductivity was exam ned nore careftdly by Hubbert in 1940. Hubbert
was |ooking for a way to separate the effect of the flnmd properties fromthe nedia properties

in the hydraulic conductivity. He deflned the hydrauHc conductivity as:

K=~- A~ (2-4)

where p is the density of the fluid; /x is the dynamc viscosity of the fluid; g is the grav-
itational constant; and A, is a quantity called the intrinsic perneability of the soil. The

intrinsic permeability is a function only of the medium
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2.2 Partially-Saturated Flow

The governing equation for the flowof fluid in the partially-saturated zone can be
derived using a control-vol ume approach. A mass balance on a control volume of partially-

saturated nmedia may be witten:

MassAccunmul ated = Massin —MassQut (2-5)

whi ch can be represented mathematically by:

A=Mr.-Mui (2-6)

where Mis the mass of fluid. Describing the mass of fluid passing through the volvune in

one direction, x, in terms of the variables of the system we have

*(pwvnS) = Aptgin - VApr,qin +24(Aprt, gx)/"xj (2-7)

where /9u, is the density of water; Vis the volume of the control elenent; nis the porosity
of the media; Sis the degree of water saturation; Ais the area of the face of the contro
volune normal to the x direction; and gx is the x conponent of the specific discharge

vector. This equation sinplifies to

-M{prvvns) = -—{Ap"qh) Ax (2-8)

Adding the contributions to the control voltraie fromthe y and z directions, including the

condition that the control volvune is constant, and introducing the relationship:

S =~ (2-9)

n
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where 9y, is the volumetric fraction of the water phase, we get:

[ S—— [ S— D — —_—— —=

This equation can also be witten:
V-(/=>u,9-):-"|\/u,) (2-11)
To define the specific discharge vector, g, we start with the general formof Daxcy's |aw

d<f> d<f> d(j)

AVAN ~/\y' I | ~NNANNN_ N TZ AN NANNAN

where Kxx-, Kxy, etc. are elements of the hydraulic conductivity tensor, and (j>is the
hydraiilic head defined as:
<N = O+ —= z + V' (2-15)

If the control volume is aligned with the principal axes we can drop the non- diagonal

terms of the hydrauHc conductivity tensor. Now, substituting Darcy's lawinto our working

equation gives:

(A (- () (A8 = ot (-1

2-4
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If changes in fluid density are assumed to be smeill conpared to changes in noisture

content the equation becones:

K-O I (-'<O-1HS-~ At

A more comon formof the flow equation for partially saturated nedia is Richard's
equation. In Richard's equation the dependent variable is pressure head, ij), rather than
having two dependent variables, Xj) and *u,, as in equation 2-17. The use of pressiure head
as the dependent variable is generally preferred because of the dinensional convenience

(Parker et al, 1987). Making this conversion gives:

(2-18)

The specific moistvire capacity, c¢(*), is defined as the slope of the volmetric noisture

content as a function of the pressure head:

cl« =N (2-19)

Making this final substitution gives Richard' s equation

HS+ HS) +1 Hf +7" ) -wf  (2-10)

The most significant sinplifying assunption in Richard's equation is that the pressure in
the vapor phase is atmospheric (Faust, 1985).

In this development of Richard's equation both the hydraulic conductivity, K and
the noistxire content, ¢, have been described as functions of the pressure head, ij;. These

2-5
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functions have been found to be nonlinear and hysteretic in nature (Kool and Parker, 1987,
Kool and Parker, 1988). These relationships are important because they determne the
rel ationship between agueous flow zuid saturation in the partially-saturated zone. This
neans that changes in pressure head, hence satiu:ation, has a significant inpact oh the
assunption that the aqueous phase is immobile in this region,
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2.3 Fluid-Phase Advective-Dispersive-Reactive Equation

The advect | ve-dispersive-reactive (ADR) equation is generally used as the macroscopic
equation that governs the fate and transport of groindwater contamnants, though some
researchers have proposed other approaches (G Uhamet al., 1984: Tompson, 1986). There
axe several ways to develop the ADR equation, including the use of the control volune

approach, as was used in the devel opment of the flow equation. The derivation of the
transport equation will not be presented here, however. The general formof the ADR

equation is:

@z gl € +d (e grad ) W0+ (200
Where Ca IS the aqueous concentration of contamnant; v is the vector of average ground-

water pore velocity; D is the hydrodynamc dispersion tensor that includes the effects

of both mechanical dispersion and nolecular diffusion (Bear, 1979): and V{Ca) represents
either a mass source or sink within the control volume. The reaction termaccounts for

any mass that is abided or removed by reaction. This termincludes biological degradation,
chemcal transformtions, sorption onto the sold phase, and desorption fromthe solid

phase.

Inthe partially-saturated zone contamnant transport may occin: in two phases, fluid
and vapor, and therefore the ADR equation must be formulated and solved for eax;h phase,
For the fluid phase, ignoring any internal sources or sinks, the ADR equation can be

witten:

A= grad G- odiv (D grad @) -H(M (220
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Vel ocity Vector

The pore velocity vector, v, describes the average |inear macroscopic velocity of the
fluid phase zind is obtained by solving Rchard's equation for partialy-satmated flow The
pore velocity is related to the specific discharge, g, by the relationship:

v = f (2-23)

where 0) is the flurd-filled porosity of the media. The specific discharge defines a lin-

ear velocity through a control volime of media. The pore velocity refers to the average
ma<:roscopi ¢ pore velocity of the fluid.

Hydr odynam ¢ Di spersion

Bear (1979) describes the hydrodynamc dispersion tensor as the sximof a mechani cal
dispersion termand a nolecular diffusion term

Di j =aTvSij +{aL-ocT)viVj /v + Dm (2-24)

where Dj is the I | termof the dispersion tensor; oct is the transverse dispersivity, ai is
the Longitudinal dispersivity; v is the average magnitude of the groundwater velocity; 6i]
| the Kronecker delta function (6= 1{or i =; 6=0for i "j); and Dnis the effective
mol ecul ar diffusion coefficient.

Mat hemat i cal solutions to the ADR equation have been proposed and have conpared
Wel | with the results of [aboratory experiments. However, discrepancies occvir between the
results of laboratory experiments and field experinents. Sone researchers have concluded
that the discrepancies occur because dispersivity is a scal e-dependent paxameter (Sudicky
aml Cherry, 1979; Pickens and Giisak, 1981). The dispersivity may be scal e-dependent
due to heterogeneities in the media (Skibitzke and Robinson, 1963; Bear, 1979).

2-8
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The product of the flow velocity and the dispersivity is generally known as the ne-
chanical dispersivity. In groundwater systems the molectdar diffusion term Dm is often
very smal| relative to the mechanical dispersion, and may be neglected if groundwater
velocities axe large. ne should note that the grovindwater velocity is present here in the
dispersion termof the ADR equation as well as in the velocity term
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2.4 Vapor-Phase Advective-Dispersive-Reactive Equation

Inthe partially-saturated zone the advective-dispersive-reactive equation caji be writ-

ten to describe contamnant transport in the vapor phase. Assumng that there are no
internal sources or sinks the equation is:

Vayograd G -f- div (D grad G) £ (M (2-D))
[t is comon, though possibly rash, to assme that the pore velocity in the vapor
phase s negUgible and therefore that the effect of mechanical dispersion is small conpared

to that of molecular diffusion (van Genuchten and Weranga, 1976; VWeeks et al, 1982
Peterson et al, 1988). If one asstunes that the velocity approaches zero the ADR equation

reduces to:

A = div(D. gradGC,)+(") (2-26)

A'so as the velocity approaches zero, the hydrodynam ¢ dispersion tensor can be
rewitten, Assumng that the effective diffusivity is the same inall directions, that there
axe no variations in media properties that could |ead to anisotropic diffusion, the governing

equation becones:

A= A+ (M) (2-27)
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2.5 Di ffusion

Steady- State Diffusion

Steady-state diffusion of a vapor through air was first described by Fick when he drew
an anal ogy between molecular difFiision and heat transfer in solids. Fick recognized that
the anount of vapor diffusing along a path [ength x i's proportional to the concentration
gradient a<:ross this distance. Just as the conductivity, K is the constant of proportionality
for heat transfer, Fick defined the diffusivity, £)*, as the constant of proportionality for
diffusion (Bird et al, 1960). Thiis Fick's First Law can be witten

] =._ DN (2-28)

ax

where, Jis the flux; DO is the diffusion coefficient for the diffusion of one pure gas through
another; and dCy/dx is the concentration gradient.

In the case where a vapor is diffusing through porous media there axe several ap-
proaches that may be taken to describe diffusion. Che approach is to define an effective
diffusivity inwhich case Fick's first lawis wittenas in equation 2-28. Inthis case the
effective diffusivity is avalue that is specific to the media and to the conditions under
which the diffusivity was determned. These conditions include tenperature, bulk density,
water content, and presence of other sol utes.

A comon way of describing diffusion in porous nedia is to define a tortuosity factor,
which accounts for the geonetric effects of the solid media on the apparent diffusion. This
tortuosity factor accounts for the increased path length of diffusion and therefore includes
effects of water content. The steady-state diffusion equation for porous nedia can therefore

be witten:
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J = -dor¥ " = -eoD, "™ (2-29)

Where dj I's the drained porosity of the soil, or the fraction of the total volume that is
occupied by air; r is the tortuosity, and D' is an effective diffusivity. Enpirical equations
for the tortuosity factor have been determned by various researchers (Buckingham 1904;
MUngton, 1959: MIlington and Quk, 1961, Al bertson, 1979). The most commonly
accepted equation has been that proposed by MU ngton and Quirk (1961). However,

even MIlington and Quk's tortuosity has been found to be inaccurate by some recent
researchers (Peterson et al., 1988).

Transi ent Diffusion

The ADR equation for vapor-phase contamnant transport, neglecting velocity effects,
sorption effects and chemcal reactions reduces to:

., = D*V~C, (2-30)

Thi's equation IS al'so known as Fick's second |awof diffusion (Bird et al, 1960). Fick's
second [awis applicable to the movenent of one gas through another with no net flow of
gas (convection) and under isothernal, constant density conditions. Fick's second |aw vas

al'so originally derived by analogy to heat transfer, and therefore many solutions to the
transient diffusion equation under a variety of boundary conditions are available in the
literature (Carslaw and Jaeger, 1959; Crank, 1975)

Fi ck's second | aw can be adapted to describe diffusion in porous media

eD'"ODD'C, (2-31)
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Thi's equation al so assumes that nolecular diffusionis the only means of vapor transport,
neglecting velocity effects and density driven flow.
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2.6 Reacti ons

Reactions hetween volatile organic chemcals (VOCs) and the sold matrix retard the
movenent of the chemcal through that matrix. Inthe partially- satxirated zone, in the
absence of advective transport in the vapor phase, vapor-phase diffusion may be the nost
significant nethod of transport of VOCs, but there are other physical phenonena that
play an inmportant role. By definition the partially-saturated zone retains sone residua
saturation, which creates a conplex and tortuous path through which an organic vapor
must move. Throughout this partially-saturated zone the vapor is in contact with water
as well as air and partitioning of the organic solute occurs between the aqueous and vapor
phases. Because the residual water is in contact with the solid phase, partitioning occurs
inturn between the axjueous and solid phases. The result is a dynamc systemconsisting

of three phases.
Aqueous- Sol i d Equilibrium

Sorption and desorption refer to the processes of transfer of mass fromthe fluid phase
to the sold phase and fromthe solid phase to the fluid phase, respectively. The transfer
of an organi ¢ conpound between a fluid and a solid phase is generally believed to be
a partitioning phenonena, and this partitioning has been found to be a function of the
fraction of organic matter present in the soil (Karickhoff, 1979). Wen the rate of transfer
of mass fromthe fluid phase to the solid phase is equal to the rate of transfer in the
opposite direction, the systemis in a state of dynamc equilibrium

Several nodels have been used to describe sorption equilibrium The most common

of these is the Unear equilibrium nodel:

ge = KpCae (2-32)

where " is the equihbrivun solid-phase concentration with units of mass of solute per mass
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of solid; Cac is the equilibritun fluid-phase concentration with units of mass per volume

and Kp i the [inear eqmibriiun partitioning coefficient wth units of volume per mass
There are many enpirical expressions for the partitioning coefficient. Cne such expression

for the partitioning of organic conpomds in sediments has been described as (Karickhoff,
1979)

anp = foc™oc (2-33)

where foe is the fraction of organic carbon in the sold; and Koc is the organic-caxhon
partition coefficient of the sold. Karickhoff found the organic-carbon partition coefficient

to followthe enpirical expression:

|l og Koc = log i”ou, - 0.21 (2-34)

where Kow is the octanol-water partition coefficient of the solute. Cctanol-water coeffi-
cients axe conpiled inthe [iterature for a variety of conpounds (Hansch and Leo, 1979).
Thi's relationship was derived for soils of relatively high organic content, and may not
yield accurate predictions of Kpinsoils of [oworganic carbon content (less than 0.1 per-
cent). Also, the expression was derived for use with neutral, non-polar, and hydrophobic
conpotntls and will not give accurate results if used for other types of compounds

There axe al so nonlinear equilibriumnodels. The nost common of these is the Fre-
undUch sorption equilibrium nodel:

?e = KFCrl (2-35)

Where Kp is a sorption capacity constant and np is a sorption intensity constant. Sorption
equihbritm curves are often slightly concave in shape and the Prevmdlich relationship
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model s this behavior more accurately than a lineax model.  The great advantage of the

linear nodel, of course, isits sinplicity.
Aqueous- Sol i d Rate

In a systemfor which the rates of sorption and desorption have not reached an eqtiilib-
rium it is necessary to determne the rate of sorption in order to thoroughly characterize
the mass-transfer process. There axe several nodels that are used to describe the rate of
sorption of mass fromthe aqueous phase to the solid phase

The sinmplest of these models is the Iinear ocal-equilibriummodel. Many researchers
have used this model, which assumes that |ocal equilibritunis achieved instantaneously
(Back and Cherry, 1976; Anderson, 1979; Freeze and Cherry, 1979).

Assumng that the fluid and soUd phases are always in equilibrium the fluid and solid
phase concentrations can be related using the chain rule:

dg _ dg dCa

The linear local-equilibriummodel also assumes that the equilibriumsolid- phase concen-
trationis a linear function of the fluid phase concentration:

gqT"T"KpCae (2-37)

and

AN =Kp (2-38)

Conbi ning these equations gives an expression for the rate of sorption
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SO

foem Kp~ (2- 39)

It has al so been suggested by many researchers that sorption rates are not instanta-
neous and that the rate of sorption is inportant for certain solute- soil systens (KarickhofF,
1980; Karickhoff, 1984: Mller, 1984; MIler and \eber, 1984; Weber and MIler, 1986).

Anot her popul ar sorption model is the two-site model, which assunes that there are
two conceptual sorption sites on the soUd phase (Canaieron and Kl ute, 1977). The first
type of sorption site i's one upon which equilibriumbetween the fluid and solid phases

occurs instantaneously, Jind sorption on the second site follows first-order kinetics. The
equi Uori um nodel s may be Unear:

qf e=Kf pCa (2-40)

g,. = K, pCa (271)

In which case the rate expressions for these two sorption sites are:

and

"= K®.-q.) (2-43)

where fc i a mass transfer coefiicient, g/ refers to the solids concentration on the fast

sites, and b, refers to the solids concentration on the slowsites. Equilibrivun may also be
described with Freundlich isotherns:
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gf, = Kfpd ™ (2-44)

9« = K, fC2'" (2-45)

[t shotJd be noted that the two-site nodel with EVeindlich eqgioilibria sub- models is a gen-
eral nodel, of which the local linear equilibriummodel and the local non-linear equi Ubrium

model are special cases.
Vapor-Liquid Eqmibrium

As a volatile organic vapor diffuses through the solid matrix, it will partitioninto the
agueous phase, which is occupying a portion of the pore space and i's surrounding each soil
particle. If asoil systemis not at equilibriumwth respect to the vapor-phase concentration
diffusing through the region, then the transter of material between the aqueous and vapor
phases will not be at equilibrium That is, as the concentration of VOCin the vapor-
phase increases, more mass will be transferred into the aqueous- phase and the systemwill
continuously seek a new |evel of eqtiilibrium It is common to assune that vapor-Iignd
equilibriumocciirs instantaneously, that at any given instant the concentrations of VOC
In the two phases are in equilibriumand can be described by a sinple equilibriumnodel.

A simle way to describe vapor-liquid equilibriumis to assume that there is a linear
relationship between the vapor concentration and the agueous concentration (Smth and
Van Ness, 1975). This is Henry's Lawand it is witten

Pi = Hxi {2-A0

Where pi is the partial pressure of conpound i; His Henry's constant; and X is the mole
fraction of conpound i in the aqueous phase. Henry's Lawis applicable primrily in cases
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when both vapor and Iigml concentrations are dilute.

Henry's Law can be restated to describe a |inear equilibriumbetween the vapor zm
axj ueous phases in the partially saturated zone;

Ca™ KucC, (2-47)

and

Inthis case, Henry's constant, Kh, has imts of vapor voliune per agueous volume, but it
still defines a linear equilibriumrelationship.
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2.7 Coverning Equations

Conbi ning the ADR equation for the vapor-phase with equilibritm and sorption equa-
tions, we can arrive at a governing equation for vapor-phase diffusion in the partially-
saturated zone. The ADR equation fromsection 2.4 can be witten for porous nedia:

Thi s equation was derived based on the assumption that there is no advection, or net
flowof air, in the pore spaces of the vadose zone. This assunption has heen made by a
number of vapor-phase researchers (Farner et al, 1980; Karim et al, 1987, Peterson et al
1988)

\\¢ can now exanine the reaction terms of this equation, which nust accoxnt for any
mass that is added or removed fromthe vapor phase. One of these terns nust describe
the exchange of mass between the vapor and |iquid phases; another nust describe the mass
whi ch sorbs onto the solid matrix. These two terns caji be witten with negative signs to

denote a loss of mass fromthe vapor phase

Bt = QDY O - {9t - 990 - P(I - A)§ (2-50)

where />, is the density of the solid; "> is the drained porosity; and St is the total poros-
ity. The porosities are introduced into this equation to accoim for the actual volumes
occupied by the vapor, liquid, and solid phases. The density termis necessary to maintain

di mensi onal consi stency.

A linear equilibritimmodel can be introduced to describe vapor-liquid equilibrium
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and the general two-site sorption nodel can be used to describe the sorption term

= KGN + k(K Q' -q.) (2-52)

nthis case both fast and slow sorption terms have been described with Freundlich isotherm
model s. Expressing the sorption in terns of the vapor- phase concentration gives

KRR G M KKK GY -0 (253

Substituting the eqtiilibriumexpressions into the ADR equation and assumng that the
liquid phase conpletely wets the solid phase, and that gaseous diffusion through the Uquid
filmsurrotmling the sohd particle is instantaneous, the ADR equation can he written:

af=eo, E - {a - dojkH
(- e HAC 0 1 (1 - O (R - g

(2-54)

Linear equilibritun nodels can also be \ised to describe sorption equilibritun and this
greatly sinpUfies the ADR equation. The linear sorption model can be stated

dq dCa

Substituting this expression into the ADR equation gives:

DM = eoD'V CY - {0t - dDJKH 4 p, (1 - eT)KHK] * (2-50)

Conbining terms sinplifies the equation to
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BdD, ng

dt eo + {dr - eD)KH + (1 - eT)psKHKp\ v (2:57)

The termin the brackets is a constant with the units of difFusivity, L"*/T, and can be
considered a retarded effective difFusivity through the porous media, Dn- (\eéeks et al,
1982). Finally, a governing equation for the vapor phase trajisport of contamnants in the

partially-saturated zone, subject to all of the assunptions discussed in this section, my

be witten:

a = Drevic (2-58)


NEATPAGEINFO:id=003FCC91-D1C5-42F3-AE3D-1009DBAA32FB


3 EXPERI MENTAL METHODS

3.1 I ntroduction

The purpose of this work was to study the diffusion of volatile organic contam nants
through partially-saturated porous media. Gass colims packed with both glass beads and
soi| were used to observe diffusion rates in media of both high and |ow sorptive capacities
Both glass bead and soil colums were run at various degrees of saturation. Sorption
equi [ ibriim and sorption rate studies were also performed in order to separate the sorption
effects fromthe diffusion effects in the experimental col ums.

The sorption equi Ubriumand rate studies hoth fol lowed the same general procedures.
Soil samples were placed in centrifuge vials and then an aqueous solution of tol uene was
added and the vials sealed. The sanaples were then shaken vigorously and continuously
on an orbit shaker. In the equi Ubritun studies, the vials were prepared with various ini-
tial aqueous concentrations of toluene and all sanples were shaken until they approached
equi Ubrium in the rate studies all the vials were prepared with the same initial concen-
tration of toluene and the samples were analyzed every few hours until equilibriumwas
achieved. After shaking, the solids were settled by centrifugation and the aqueous tol uene
concentration was determned by extrax:ting the agueous phase and analyzing with gas
chronatography. The amount of sorbed tol uene was calculated by difference hased on the
final agueous concentrations of the blanks, which were carried along through the entire

procedure.

To prepare the diffusion colums the soil was first saturated in de-ionized water and
then slurried into the glass colunms which were fitted with frits at one end to contain
the soil. Next the soil was drained until some degree of partial saturation was achieved
The coltunns were then fitted onto the diffusion chamber and sealed with the ball-valve
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assenbly which allowed for replacement and renoval of ax:tivated carbon sanples at the
ends of the colmns. The chanber itself was filled with a nitrogen atmosphere that was
maintained nearly saturated with toluene and water, which were supplied fromconstantly

stirred reservoirs at the bottomof the chanber

The activated carbon was left in place at all times to maintain zero concentration at
the end of the col\ims. Sanples were talcen every 12-24 hours by inserting a fresh plug
of carbon into the valve assembly and removing it exactly one hour later. This sanple
was then extracted and anal yzed for the mass of toluene, which could be interpreted as a

one-hour integrated flux.
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3.2 Mat eri eds

Tol uene was chosen as the contamnant for this study because of its high volatiHy
and its prevalence in gasoline, and therefore in contamnated groundwater systems. The

high volatility suggests that toluene should be a major contaninant in the vapor phase of

the vadose zone at any gasoline spill site. The physical properties of toluene axe Usted in
Table 3-1.

Tol uene that was used in the experinents was reagent grade and was obtained from
Fisher Scientific Co., Pittsbtirgh, PA Al extraction solvents and internal standards (car-
bon disulfide, ethyl benzene, hexanes and iso-octane) were reagent grade or better and
were obtained fromMllencrofdt, Inc., Paxis, Texas.

Al soil that was used in diffusion colvunns, equilibriumstudies, and rate studies vas
obtained froma field site at Pope At Force Base in Fayetteville, NC. The soil was excavated
fromthree to four feet beneath the surfax:e. Twigs and other large organic material was
floated out of the soil using de-ionized water in a five-gallon taxik, washing small batches
of soil at atine. The fraction of organic caxbon (foe) in. the soil was 0.004. Agrain size
analysis of the washed soil is shown in Figvire 3-1.

Activated carbon that was used to sanple the diffusion colums was ground and sieved
to 30-40 mesh. It was subsequent!y rinsed several times with de- ionized water before use.

Al glassware was acid washed in either nitric acid or a mxture of sulfuric acid and
chromc acid (Chromerge®, Fisher Scientific Co.). Gassware was then rinsed several tines

with de-ionized water and dried at 105° C.
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Tabl e

3-1. Physical and Chemcal Properties of Toluene

Mol . W . (g/nol) 92. 14
Boi | i ng Pt . (°C) 1 10.6
Log  kJ . 2.46
Densi ty (g/m ) O. 867

Water Sol ubility” (ng/1) 515

Henry's Const ant (atmm/nol) 6.68 x10~

| Hansch and Leo 3)(1979)

Verschuren (198
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3.3 Analytical Methods

Extracti ons Met hods

In the sorption equihbriumand rate experiments aqueous solutions had to be analyzed
for toluene. In each case 10 m of solution were used for the extraction procedure. The 10
m of solution were plax:ed ina 20-nl sanple vial with 3 nl of hexanes spiked with iso-octane
as an internal standard. The concentration of the internal standard was approximtely
200 iigll. The vial was shalcen vigorously on an orbit shaker for several mnutes. After
the two phases were separated, approximtely three m of the organic phase were drawn
off using a three nl syringe. The organic phase was then dried in a three-ni sanple vial
with 0.25 grams of sodiumsulfate. The sanple was then ready for analysis with a gas
chromat ogram The aqueous extraction procedure is illustrated in Figure 3-2.

Activated carbon was used to sanple toluene in the diffusion colum apparatus. Once
an activated carbon sample had been exposed to a colum for one hour it was desorbed
inthree nt of carbon disulfide spiked wth ethyl benzene which was used as an internal
standard. The concentration of internal standard was approximately 200 ng/l. All sanples
were shaken continuously for 30 mnutes to maximze desorption efficiency. One /// of the
carbon disulfide was then injected into a gas chromatograph for analysis.

A series of experiments were performed to determne the desorption efficiency of the
30-40 nesh granul ated activated carbon (GAG as used to sanple the diffusion coliunns.
Several 0.5-gramsanmples of GAG were placed in small sanple vials and then tol uene was
added with a syringe to each vial. The amount added varied between 25 and 500 //gf; this
range was chosen as the range |ikely to be encotntered diiring the rtinning of the diffusion
experiments. After the sanples had set for an hour to assvire conplete sorption, three m
of carbon disulfide spiked with ethylbenzene as an internal standard was added to each.
The sanples were then shal cen for 30 mnutes to desorb the toluene fromthe activated
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carbon. After desorption, one fil injections were analyzed by gas chromatography and the
recovery of toluene was calctdated to be 92%on the average. These experiments were
repeated axid recovery was consistent|y above 90% Therefore, this becane the method of

desorpti on.

Measur enent Met hods

Al gas chromatograns were generated by injecting one fil of sanple into a Vaxian 3700
gas chromatograph eqnpped with a flame ionization detector (FID), a DB-1 colmn, and
a Hew ett Packard 3390 integrator. The tenmperature programfor the analysis of tol uene
i n hexanes consisted of ranping at four degrees per mnute froman initial tenperature
of 60°Cto a final tenperatvire of 100 Cand then ranping at ten degrees per mnute
from100°C to 135°C. A calibration curve for the gas chromatography was generated by
preparing five solutions, each of different concentrations of toluene in hexanes spiked with
the internal standard, iso-octane.

The tenperature programfor analysis of toluene in carbon disul fide consisted of ranp-
Ing at eight degrees per mnute froman initial tenperature of 60° Cto a final tenperature
of 140° C. A calibration curve for the gas chromatography was generated by preparing five
sol utions, each of different concentrations of toluene in carbon disulfide spiked wth the

internal standard, ethylbenzene.
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3.4  Experinental Methods

Fiel d SampUng

Vapor - phase sanpling at Pope Air Force hase was performed with a sampling probe
devel oped by VU ngford et al. (1988). The instrument is shown in Figure 3-3. To take a
vapor - phase sample, a 5-cmhole was drilled to a depth of 1.3 m and then the probe was
inserted and poinded another 15 cminto the groand. A diaphragm punp equipped with
a Teflon-silica diaphragmwas then attached to the top of the probe and soil vapor was
pimaped at a flowrate of 50 cnt* per mnute for 20 mnutes. After passing through the
punp, the soil vapor was passed through an activated carbon trap to remove any organic
vapors. The carhbon trap was then stored onice vmil it could be extracted and anal yzed

back at the |aboratory (see sections on extractions and analysis).

Bott!| e-Point |sotherm

Aqueous- soUd isotherms were performed using 24-50 m centrifuge vials. Sanples were
nmin pairs, and with each pair was a blank that was prepared exactly as the sanples but
with no soil. Samples consisted of 20 grans of soil and 40 m of solution. A schematic of

the bottle-point sanple preparation procedure is shown in Figure 3-4.

Soi | was placed in each sanple vial and then a solution of calcixm chlioride and sodiim
azide was added. This solution was 0.005 molar calciumchloride to help settle the solids
during centrifugation, and was 0.045 molar sodi um aaide to suppress mcrobiol ogical ac-

tivity. This solution was added in varying amounts to each sanple depending upon the
anmoi nt of toluene stock solution that woul d be added to achieve the desired final concen-

tration of toluene.

The stock solution of toluene was prepared in a one-liter hottle. The concentration of
this solution was approxinately 425 ng/1; the saturation concentration of toluene in water
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water is 515 ng/l. The solution was stirred for 24 hours to allowall the toluene to go
into solution before use. Stock solution was withdrawn with a syringe fromthe septum at
the bottomof the bottle and then added to the isothermvials through the Teflon septa in
the vial caps. A second syringe needle was inserted into the vial septa to allow venting of
displaced air as the stock was added. This technique is believed to have reduced volatility
| 0sses hecause the sol ution was never open to the air, but was always contained within
either the solution bottle, the syringe, or a sanple vial.

Diuing the sample preparation three sanples were taken fromthe stock sol ution.
(ne sanpl e was taken at the start of the sanple preparation; a second was taken after
half of the vials were prepared, about 20 mnutes later; and the third sanple was taken
after the last vial was sealed. These three sanples were used to detect any change in the
concentration of the stock solution during the sanple preparation procedtire

At the end of the eqiiilbration period, the samples were placed in a centrifuge for 30
mnutes to settle the solids. Ten m of the supenatent were then removed with a syringe

and then extracted with hexanes as described in the extraction section.
Bottle-Point Rate Study

The method for bottle point rate studies is very simlar to that used in the isotherm
experinents. The bottle point sanples, however, all start with the same aqueous concen-
tration and each is analyzed at a different tine on the rate curve as the system approaches
equi librium

As with the isothermexperiments, 20 grams of soil sanple was weighed into each of
16 50-n centrifuge vials. Next a solution of toluene in distilled water was added to each
of these sanples, and also sodiim azide to 0.25%and cal ciumchloride to 0.005 Mol ar
The initial concentration for each sanple was the same: approximtely 20 ny/l. Sanples
were then shaken and one was anal yzed every two hours for the first 12 hotirs and then
every 6 hours until the systemreached an apparent equilibriumstate, which occurred after
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15 515 ng/1 at 200C. The sol ution was stirred for 24 hours to allowall the toluene to go
into solution before use. Stock sol ution was withdrawn with a syringe fromthe septum at
the bottomof the hottle and then added to the isothermvials through the Teflon septa in
the vial caps. A second syringe needle was inserted into the vial septa to allow venting of
displaced air as the stock -was added. This technique i believed to have reduced volatility
| 0sses because the solution was never open to the air, but was always contained within
either the solution hottle, the syringe, or a sanple vial.

During the sample preparation three sanples were taken fromthe stock sol ution
(One sanple was taken at the start of the sanple preparation; a second was taken after
half of the vials were prepared, about 20 mnutes later; and the third sanple was taken
after the last vial was sealed. These three sanples were used to detect any change in the
concentration of the stock solution during the sanple preparation procedure

A the end of the equilibration period, the samples were placed in a centrifuge for 30

mnutes to settle the solids. Ten m of the supematent were then renoved with a syringe
and then extracted with hexanes as described in the extraction section.

Bottle-Point Rate Study

The method for bottle point rate studies is very simlar to that used in the isotherm
experiments. The bottle-point sanples, however, all start with the same aqueous concen-
tration and eaxh is analyzed at a different time on the rate curve as the systemapproaches
equi librium

As with the isothermexperinents, 20 grams of soil sanple was weighed into each of
16 50-inl centrifuge vials. Next a solution of toluene in distilled water was added to each of
these saanples, and al so sodiumazide to 0.045 nolax and cal ciumchloride to 0.005 nolar.
The initial concentration for each sanple was the saxne: approximtely 20 ny/Ll. Samples
were then shaken and one was anal yzed every two hours for the first 12 hours and then
every 6 hours until the systemreached an apparent equilibriumstate, which occurred after
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approxi mately 24 hours.

Samples were anal yzed exactly as they were for the isothermstudies. After centrifuga-
tion, 10 m of supematent were drawn off with a syringe and then extracted with hexanes.

Di ffusion Colimn Experinents

Description of Apparatus

The diffusion experinental designis shownin Figure 3-5. The apparatus consists of
four glass coltunns exposed at one end to a chanber which is maintained at a constant
concentration of toluene in nitrogen. The other end of the soil colimns axe exposed to
a<:tivated carbon to effectively maintain the concentration of toluene at that end of the

coltnmon at zero.

The chanber is a two-liter glass reaction vessel with four ground-glass ports in a
removable lid. The lid is secured to the vessel with clanps that axe easily removed, and
It Is sealed wth grotnd glass. One of the four ports is sealed with a Teflon plug, which
has 0.318 cmborosilicate glass tubing inserted and extending well into the chamber. This
tubing i's for purging the vessel with nitrogen before beginning an experinent. The other
three ports axe fitted with groind-glass connectors that hold the soil colums. Thus the
entire soil colmn and connector assembly is attached by means of a groimi glass fitting.

The gl ass col unmis a 0.85-cmdianeter glass tube 6 cmin length. The end of the tube
which i's exposed to the toluene chanber is fitted with a fritted glass plug; the other end is
fitted wth a ball-valve assenbly that is used for inserting and renoving activated carhbon
sanples. The carbon is placed in smll glass sanple vials that are covered with stainless
steel screens, which are held in place by Teflon caps. These sanple vials axe placed into the
bal | -val ve assenbly and then rotated into place. In this way the sanples may be inserted
and removed without ever actually opening the end of the col unan.
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Figure 3-5. Diffusion Apparatus.
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Col um Preparation

Both soil and glass beads to be used in the colums were first saturated with de-
loni zed water and then sliiixied into the glass coltims. After weighing, the coliunns were

partially dried by draining and/or blow ng nitrogen through themat a very Iow flow rate
and then they were weighed again. After the experinment was finished the colums were

dried thoroughly and then wei ghed again. Fromthe three weights the porosity and the

water-filled porosity could be determned.

Sanpl i ng Procedure

Sampl es were talcen using 0.5 grams of activated carbon in the sanple vial. This vial
was inserted into the hall valve assenbly, rotated into place and [eft for one hour. At the
end of the hour the hall valve was rotated back, the sanple vial removed and a new via
with a fresh sanple of carbon was inserted and then rotated into place. Due to the ong
times required for the colunms to reach equilibritm, sanples were only taken every 24-36
hovirs. Dviring the 24-36 hour period between samples 1.5-2 grams of carbon were |eft
inserted in the ball valve to be sure to adsorb all the toluene that diffused through the
end of the colum dtiring that time. These larger slugs of caxbon were first saturated with
water before being inserted into the apparatus. This was done to prevent a water vapor
gradient occurring across the soil colum between a saturated vapor chanber and a dry

slug of activated carbon

Once an activated caxbon sanple had been exposed to a colmn for 1 hour it was

extracted with carbon disulfide as described in the extraction section
Model i ng Met hods

A ftdly inplcit, one dimensional, finite difference mdel was witten to sinulate the
diffusion in the experinental colums.  The nodel assumes |inear |ocal-equilibritm and
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utilizes Dirichlet boundary conditions at both ends of the colum. The governing equation

for the nodel is:

en® = enDM - {Bt - eD)KH' - P.{I - 9t)Khk 28" (3-1)
L+(1- Q)Pskkp * jdT - dD)KH N =De) (3-2)

% can now define a retardation factor, Rf

and the equation beconmes:

(3%)

Discretizing this equation, and dropping the vapor subscript gives:

Mo s M LS (3-5)

Where | represents the time step, ajid | represents the node number. Finally the equation
can be rearranged to a formwhich can be easily programed in FORTRAN

DeAt Ax"Rf

= penrr + ape L E AU a4 openy

(3-6)
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4 EXPERI MENTAL RESULTS

4.1 Field Results

Pope Air Force Base in Fayettevile, North CaroHha, was the location chosen for field
sanplng of organic contamnants in the subsurface. Figure 4-11s a topographic map of
Fire Training Area No. 4, where large amotnts of waste jet fuel have been used for decades
to fuel training fires. The fixes are set withina hum pit, and all fuel that does not bum
filters into the soil where it encounters the water table three to six feet belowthe surface
depending on the location and the season. Figure 4-2 shows the groundwater gradient for
the fire training area based on neasurenents fromsix groundwater monitoring wells that
were installed at the site. Fromthis figure one can see that the grovmdvater is flowing in
a general |y westward direction, away from A dish Road.

Ten soi| gas sanples were taJsen at the fire training area to determne the extent of con-
tamnation in the partialy-sat\u:ated zone. The sanples contained dozens of compounds
found injet fuel: both |ight-weight and heavy- weight hydrocarbons. Gas chromatograns
of the samples were normalized to the sample with the highest concentration of total or-
ganics; this sanple vas the one talcen just down-gradient fromand closest to the burn pit.
Figure 4-3 1's another map of the training area with isopleths of normalized concentrations
of hydrocarbons in the partially-saturated zone. Concentrations were normalized to the
sample with the highest concentration of total hydrocarhbons.

The highest concentrations of hydrocarbons occurred close to and down- gradient from
the bumpit, as would be expected. Significant concentrations of contamnants were found

up-gradi ent, however.
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4.2 Sorption Study Results

Equi i brium Study

The results fromthe bottle-point equilibrim study are presented in Figure 4-4. The
data was fit to both linear and FVeindlich nodels using a conputer programwritten by
Joseph Pedit. The linear and Fretndlich nodels are graphed with the experinental data
in FigTure 4-5. The linear model gives a partition coefficient, Kp, of 0.37 cnf/g. The
correlation coefficient, i?, for this fit is0.378. The Freundlich nodel, however, produces
a much closer fit wth a correlation coefficient of 0.871. The FreundHch sorption capacity
constant, Kp, is 0.0077 (cnf/g)", and the sorption intensity constant, np, is 0.685. This

data is summarized in Table 4-1.
Rat e Study

The results fromthe bottle point rate study are presented in Figure 4-6. This graph
is aplot of time versus the aqueous concentration of toluene. The sanples reached an
apparent equi Uoriumin approxinately 24 hours, at a final aqueous concentration of 15
/1. The initial aqueous concentration of the sanples was 19 my/1, and Figure 4-7 is a
plot of time versus the fraction of initial toluene remining in the aqueous phase. Fromthis
pl ot one can see that at equihbrium 20%of the toluene had sorbed onto the solid phase
The equilibritun concentrations in the aqueous and sol id phases were used to calculate a
|inear sorption coefficient, Kp, equal to 0.53 cnf/g.
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4.3 Diffusion Colum Results

Several nns were made with the diffusion colum apparatus. The results of these
col um experinments axe presented in Figures 4-8 through 4-13.

For each col\im the total porosity, dx, and the gas-filled, or drained porosity, 6", were
calculated gravimetrically. A stunmary of these properties are presented in Table 4-2. Al'so
inthis table are the effective diffusivities calcidated for each colum at steady state, and
tortuosity fa<:tors. Tortuosity factors were calculated fromthe steady state diffusivity and

the diffusivity of toluene in pure nitrogen

JdJdDe = r D> (4- 1)

Al colums were run at constant moisture content except colum 1-A This colum grad-
ually dried out conpletely until 9d equal ed 6t- The steady-state data is included in Table
4-2, but a graph of the transient behavior is not presented because the transient diffusion

inthis colum was conpUcated by the drying process.

4.4 Modeling Results

The diffusion colums were model ed using the one-dinensional finite difference mde
described in the nethods section. The porosity, drained porosity and effective diffusivity
fromeach experimental colvuim run were used as parameters for each successive model run
The nodel is capable of sinulating linear partitioning of toluene between the aqueous and
vapor phases, and al so inear sorption fromthe aqueous to the solid phase. The model was
therefore run with the [inear sorption constant, Kp, that was determned fromthe hottle-
point experinents, but could not be nmwth the experinmental FretndUch paraneters
Kp, and np.

Figure 4-14 is a sanple model run plotted with its corresponding experinental col um
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data. Agueous- and solid-phase partitioning were not included in this sanple run; the
results fromthe model predict the transient diffusion through the soil col um assum ng
that there was no loss of toluene fromthe vapor phase to either the aqueous or solid phases.
The difference in the shape of the two curves, experinental and predicted, suggest that
there is some |oss of mass fromthe vapor phase during the transient period.

The experimental |y determined linear sorption constant was included in the node
and run for each colum also. Figure 4-15is a sanple graph of the results of one of these
runs. It was foxmd that the model utilizing the experinentally determned Hhear sorption
constant did not describe the transient colvmin behavior well for most of the colum runs.
A linear sorption constant that best fit the experimental data was determned for each

col um using the model, and then a sinulation was nmusing that constant. A sanple of
one of these simulations is presented in Figure 4-16
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5 DI SCUSSI ON

5.1 Diffusivity

The data for the diffusion colinmmexperiments was presented in Table 4-1. The two
col ums which were run with glass beads resulted in the highest effective diffusion rates
at steady state. This is probably due to the | ow nmoisture content at which these two
colums were run. In fact the drained porosity of these two colums was nearly twce
that of the soil coltunns, which were prepared in the same fashion. After draining the
colvmns, however, the glass beads retained much | ess water than soil, which resulted in
mich more air-filled pore spax:e. This inttu:n resulted in greater movenent of tol uene vapor
through the colums. The increased effective diffusion with decreased moistvire content is
a wel | pronoinced trend that was expected. The highest diffusion rate for all the colums
occtirred in coltmn A1, which was conpletely dried out at steady state.

This same trend is apparent in the tortuosity constants that were calculated fromthe
effective diffusion coefficients for each colum. One woul d expect the same trend in the
tortuosity as in the effective diffusivity because the tortuosity is merely a constant used
to describe the diffusion path length. Tortuosity is always |ess than one and adjusts the
diffusivity in pure gas down to account for the tortuotis diffusion path through the porous
media. As the noisture content decreases, therefore, the tortuosity constant approaches
one. Many researchers have described this trend using enpirical fornulas hased upon
| aboratory experinents. Qthers have derived formlas based on pore space geonetry and
porous media packing theories. A short list of these correlations is presented in Table
5-1; the variance between the correlations and the experinental data is also presented in
this table. O the five correlations listed, the data agrees more closely with MIlington's

predicted val ues, which are based on a theoretical model. The other four nodels are based
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on experinental data.

It may be noted that as early as 1904 Buckinghamwas interested in diffusion through
porous media, and that new correlations have been proposed as recently as 1979. The
most widely accepted tortuosity correlation, however, is the MIlington and Quirk forntda
which was developed in 1961. Figure 5-11s a graph of three of the correlations fromTahle
5-1. Values of tortuosity determned fromovir diffusion colums are plotted on the same
graph for conparison. Included on the graph is the tortuosity derived fromthe dry colum
run; this is the point with the highest tortuosity constant and a drained porosity equal to

its total porosity.
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Table 5-1. Published Tortuosity Factors and
Variance wth Experinnental Data.

| nvest i gat or Tortuosity Variance

Bucki ngham  (1904) 6d 0.024
MIlington (1959 ai*-Mva ™ 0,015
MIlington and Quirk (1961) e AV " 0.075
Qurrie  (1970) 0T*-A(0D/eT)” 0.038
Al bertson (1979 Q. 777(0d/ 0t)- 0 274 0. 053

Based on theoretical pore size distribution nnpde
Based on laboratory data
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5.2  Sorption

FigTores 5-2 through 5-7 are graphs conparing the experinental diifusion coltim data
versus the transient diffusion behavior predicted by the nodel. The nodel simdations used
the effective diffusivities determned at steady state and the sorption constant was set to
zero. For each of the soil colunmnuis the difference between the shapes of the two curves
I's well pronounced. In these cases the nodel predicts a sharp front, a rapid approach to
steady state. The experinental data, on the other hand, suggests a smeared front, a lag
time in the approach to steady state. This retardation effect i's due to sorption of toluene
onto the soil. The data for the two colums that were run with glass beads, col ums B-2
and B-4, fall very close to the curves that were predicted for no sorption. This is because
the glass beads should sorb very little, if at all. Colum B-2 actually displayed a sUght
"negative sorption behavior. This was Ukely due to preferential flow through the colum
due to uneven packing or inconsistent draining.

The conputer programderived in section 3.4.5 was nodified to find the |inear sorption
coefiicient that generated the closest fit to the experimental data for each colxunn run. The
best fit was detennined by mnimzing the sumof the squares of the residuals for each data
point. Table 5-2 stmmarizes the resvilts of these simulations, and Figtires 5-8 through 5-12
are plots of the transient diffusion curves that were simulated using the optimzed sorption
coefficient versiis the experimental data. The sorption constant was not optimzed for
colum B-2. The variance for colums B-1, C1, and B-4 are extremely large and the
graphs also reveal a very poor fit with the experimental data. For colums B-3 and G3
however, the variance was |ow the linear sorption model predicted transient behavior that

fit the experimental data very closely.

(ther researchers have found that in partially-saturated soils sorption increases as
the noistvire content decreases (Peterson et al., 1988). Examning all of our diffusion
colum data together does not reveal this same trend.  The sorption coefficients range
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from0.4 to 24, but do not followa trend with noisture content. The results fromthe
third rtm colunms B-3 and C-3, however, do reveal a trend of higher sorption with
decreased moisture content. Wrking with noisture contents of 8-12 percent, Peterson et
al also found that the linear sorption coefficients for these soils was one to four orders of
magni tude higher than the Unear partition coefficients meastu'ed in satmated systems. For
colums B-3 and C-3 the sorption constants were 1.0 and 0.4, which axe of the sane order
of magnitude as the sorption constant determned experinentally for the saturated system
The noi sture contents of these colums, however, were 52 and 30 percent, respectively.
Sorption capacities at such high noisture contents mght be expected to approach the
sorption capacities of saturated systens.

There was some inconsistency in the data that could be to any of several soiirces of
experimental error. The nost serious problemw th the diifusion apparatus is the inconsis-
tency of col mn packing. For the diffusion nms discussed in this report, the length of tine
in which the soil was hydrated prior to slurrying it into the colums was variable. If the
soi| was not thoroughly hydrated before a run, the sorption capacity woul d be higher in
that coliunn than for a simlar colum for which the soil was conpletely wetted. Also, by
slurrying the soil into the colum and then draining it, |ow moisture contents can not be
achi eved. Passing nitrogen through the colum helped to dry the colvunn, but the pressure
may have opened pat hways of preferential flow through the soil, or may have dried the

colum non- uniformy
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Table 5-2. Best Fit Linear Sorption Constants.

Col um 04 Kp SSE Vari ance
B-1 0. 154 12.5 1581. 7 175. 7
C1 0. 249 24. 2 3956. 6 439. 6
B- 3 0. 265 1.0 1129.9 14. 4
C 3 0. 153 0.4 111.5 12. 4
B- 4 0. 378 5.4 3506. 2 584. 4
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5.3 Inpact at the Field Scale

The results of the vapor-phase field sanpling clearly shows migration of hydrocarbons
up-gradient fromthe fire training pit. The presence of these vapors up-gradient fromthe
source illustrates the source identification problens created by vapor-phase diffusion in the
partially-satttrated zone. Inthis situation the fire training pit was ahready identified as the
source of contamnation. But if there were several potential sources in the vicinity of the
contam nated region, reliance on groundwater flow data could be nisleading

The fire training area also illustrates the difiiculties that vapor mgration can pose
to remedial a<;tion. The area of contamination has spread beyond the imediate axea of
the site and as it grows it becomes a larger source of contamnation that regtiires a more
extensive cl eanup.

The results of the laboratory diffusion colum experiments suggest that |arge anounts
of volatile compounds can move large distances by diffusion in relatively short times
through porous media. At a site [ike Pope AFB fire training area, in particular, where the
soil is exposed to the sun in extreme heat, the moisture level of the soil may be extremely
| ow during many nonths of the year. These |ow |evels of saturation also increase the
anmount of sorption fromthe vapor phase onto the soil. The increased sorption would tend
to retard the movement of an organic through the vadose zone, but it would also limt the

escape of the contamnant to the atnosphere.
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CONCLUSI ONS AND RECOMVENDATI ONS

Concl usi ons

. The glass bead diffusion colums were fovnd to have a nuch sharper front on the ap-
proach to steady-state, while the soil colums exhibited a retardation effect, evidenced
by a nmore sneared front in time.

. Effective diffusivity increased with decreased noisture content.

. The tortuosity constant also increased as moisture content decreased.

. Wen conpared to previously published correlations of tortuosity versus moisture
content, the data agreed best with a correlation devel oped by MIlington in 1959,

whi ch is based upon theoretical principles and not experimentation.

. For one set of colum runs, run with a high noisture content, the Iinear sorption
coefficient was found to be very close to that found in the bottle-point study. The
results of this set of colimns suggest that sorption decreases with increased moisture
content, and that at high levels of saturation (50-60%, the amount of organic that
will sorb to the solid phase approaches that of a saturated system

. SampUng soil gas at a fire training area at Pope Air Force Base, North Carolina

reveal ed contamnation at |ocations that are up-gradient fromthe actual point of jet-
fuel dunping and burning. The transport of volatile organics in a direction opposite
to the direction in which free product is moving is concluded to be due to vapor-phase

diffusion through the partially- saturated zone
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Recomendat i ons

. The diffusion apparatus used in these experinents was found to be a sinple and
consi stent way to measure diffusion through a col mn of porous media. The only major
probl em encountered was not in the running of the colum, but in the preparation of
the colum. To obtain better results, a method shoul d be devel oped that could assiire
more consi stent packing and be able to achieve | ower moisture |evels.

. A nore sophisticated nodel that could utilize non-linear equilibriumdata would be
useful in determning if the Iinear sorption nodel is truly adequate. Also, a rate node
was never fit to the bottle-point rate study data because the sorption equilibrium
nodel seemed to adequately nodel the col urm behavior. The equilibriumassunption
shoul d be tested, however, and to do this one nust fit the rate data to a rate nodel
and then incorporate the rate parameters into a diffusion nodel that does not make

the instantaneous equilibriim assunption
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7 NOTATI ON

Co. = aqueous concentration {ML") .
Qv = vapor concentration (ML") .
Wrxn - /\/\/\*i/\« *«"0 (/\//\V‘l’) .
diffusivity inptire vapor (L'MT) .

effective diffusivity (LMT) .
t = hydrodynam ¢ dispersion tensor (LMT) .

=1,] termof dispersion tensor (LMT) .
Dm = effective nolecular diffusion coefficient (L'A/T) .

= retarded effective diffusivity {L'T) .

= fraction organic carbon (dinmensionless) .
gravitational constant (L'MT) .
hydraulic head (L) . -
| = groundwat er gradient (dimensionless) .
,J = conponents of Cartesian coordinate system.
J = mass flux (ML"T) . o
kK —intrinsic perneability (L) . '
K = hydraulic conductivity (L/T) .
K = hydratJic conductivity tensor (L/T) .
Ko = linear sorﬁtion equi libriumconstant (LMM .
Ko = Preiindlich sorption capacity constant ((LMM?") .
Koc = organic carbon partition coefficient .
Kow —octanol water partition coefficient .
Kh = Henry's constant (LM L") .
n = porosity (dimensionless) .
np —Freundlich sorption intensity constant (dimensionless) .
n/ = Ftelindlich fast site sorption intensity constant (dimensionless) .
n, = Freimlich slowsite sorption intensity constant (dimensionless)
Pi = partial pressure of conponent i (MLY) .
q = solid phase concentration (MM .
be = equilibriumsolid phase concentration (MM .

f =solid phase concentration of fast sorption sites (MM .
gh = solid phase concentration of slow sorption sites (MM .
qx —specific discharge (L/T) .
S = degree of water saturation (dimensionless) .
t=tine (T) .
u = pore velocity (L/T) .
V = average magnitude of groundwater velocity (L/T) .
Ax = distance between spatial locations in x-directioii (L) .
aT = transverse dispersivity (L) .
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ai = longitudinal dispersivity (L) .

V = gradient operator .

[ = source or sink term(MLT) .

P = density of water (ML") .

Pa = density of solid phase (ML") .

(f> = hydraiilic head (L) .

rjp =pressure head (X .

9d = dreiined porosity {dimensionless) .
$rp = total porosity (dimensionless) .

dw = water-filled porosity (diw ensionless) .

r = tortuosity (dimensionless) .

7-
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