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Abstract

A general mathematical model is developed to predict emissions of volatile organic com-
pounds (VOCs) from hazardous or sanitary landfills. The model is analytical in nature and
includes important mechanisms occurring in unsaturated subsurface landfill environments:
biogas flow, leachate flow, diffusion, adsorption, degradation, volatilization, and mass transfer
limitations through the top cover. Two initial conditions simulating different environments are
examined. The model is able to predict changes in subsurface concentrations and emission
fluxes with time. The equations presented here can be extended to three dimensions to model
VOC emissions from complex landfill sites.

1. Introduction

Many volatile organic compounds (VOCs) and toxic chemicals have been identified
in the air downwind of landfills, even at those sites where only municipal waste is
disposed [1, 2]. The chemicals emitted can be odorous, explosive, or even carcino-
genic. Quantitative determination in the field of the airborne emission rate is time-
consuming and costly. Because of this, air emission models are being increasingly used
as an economical tool for predicting emission rates in the absence of field monitoring
data [3,4].

Most of the existing emission models can be termed as screening-level, because they
primarily focus on the transport of contaminants through top soil cover under
steady-state conditions. Several types of screening-level models proposed to estimate
VOC emissions from landfill sites have been reviewed and summarized [5-7]. These
models include pioneering work done by Mayer et al. [8], Farmer et al. [9], and Shen
[10], which used simple diffusion equations based on either Fick’s first or second law.
Thibodeaux et al. [11-13] also proposed several emission models, including a
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two-film resistance model, a model modifying Fick’s first law to include bulk gas
motion, and one utilizing Darcy’s law to account for pressure-induced gas flow.

The subsurface environment at landfili sites is heterogeneous, unsaturated, and
complex. Yet, these models fail to address many of the complicated mechanisms that
contribute to the movement and fate of VOCs within landfills. The assumptions in the
screening-level models include, for example, a uniform and infinite contaminant
supply, a steady and constant emission rate, and a single gas phase transport route
[14]. These assumptions oversimplify the landfill environment and cause the emission
rate to be overestimated since, in addition to the gas route, contaminants can also
dissolve into leachate and be carried away. Furthermore, laboratory studies have
shown that the emission rate is unsteady {15]. One major limitation of the screen-
ing-level models is that vapor pressure is required as an input parameter. To estimate
the vapor pressure, one must first determine what equilibrium state exists under the
soil cover. Typically, an equilibrium state is chosen from a table based on the
composition and concentration of the waste material [13]. Depending on the equilib-
rium state, the equilibrium vapor pressure law (Brauner, Emmett, and Teller (BET), or
Raoult’s law, etc.) is then applied to estimate the vapor pressure. Despite the difficulty
in determining this equilibrium state, these models are widely used. In fact, they are
often combined with dispersion models in assessment studies to quantitatively evalu-
ate human exposure to emissions from an area source such as a hazardous waste
landfill or surface impoundment [16-18].

Jury et al,, in a series of classical papers [19-22], introduced a behavior assessment
model for categorizing pesticides into groups depending on their relative susceptibility
to different loss pathways. They were interested in the chemical behavior in the liquid
phase, so the possible migration of the vapor phase was neglected. The model was also
not intended to simulate the liquid transport process, nor to predict the chemical’s
concentration distribution. Typographical errors in some of the mathematical equa-
tions found in Jury’s published model make it difficult to use, even though it is more
comprehensive than the screening-level models. Nevertheless, it has been used to
estimate VOC emissions from landfarming operations [23]. Freeman and Schroy
[24, 25] coupled continuity and energy equations to describe the vapor phase trans-
port of low volatility organic chemicals in a soil column. In contrast to Jury’s model,
Freeman’s model neglected liquid phase transport and did not include bulk gas
motion. It also required numerical schemes for its solution. There are other numerical
models existing for estimating emissions from landfills. Findikakis et al. [26-28]
developed a mathematical model to simulate the movement and transport of gas
mixtures (CH,, CO,, N,) in sanitary landfills. While this model is able to predict gas
production and compute vertical pressure profiles, it was not designed to model
emissions of volatile organic compounds. A numerical VOC emission model proposed
by Seigneur et al. [29] for landfill sites has been incorporated by Nair et al. [30] into
a more comprehensive model that can predict contaminant source emissions, both
into the atmosphere and via leachate, from the unsaturated zone.

Cernuschi and Giugliano [31] pointed out that due to the large number of
mechanistic variables involved, a comprehensive emission model has yet to be pro-
posed which can take into account the physical and chemical characteristics of wastes
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and soils, the important mechanisms involved, and also incorporate meteorological
influences. This paper applies a methodology similar to Jury’s to move towards
a more comprehensive analytical model by explicitly quantifying some of the most
essential mechanisms affecting emissions from landfills. Significant modifications and
extensions to Jury’s model are proposed. Our goal is to present a method of modeling
emissions of volatile organic compounds in the multiphase landfill environment that:
removes the major assumptions in the screening-level models; maintains the math-
ematical equations in an analytically solvable form to provide a readily-accessible
solution; yet still addresses most of the processes simulated in the numerical models.

2. Model development

The model proposed herein is a nonsteady-state analytical model that accounts for
the following mechanisms occurring in a landfill: transport of the chemical of interest
in the vapor phase as well as in the liquid phase, partitioning among phases (assuming
linear equilibrium), degradation of the chemical into other compounds, and mass
transfer limitations through the top soil cover.

2.1. Landfill chambers

Landfill sites are conceptualized as a one-dimensional, two-chamber system (Fig. 1):
the lower compartment (of depth L) contains contaminants, and the upper compart-
ment of compact cover (with depth d) separates the lower chamber from the atmo-
sphere [13]. The soil in the landfill is assumed to be a homogeneous porous medium
with uniform (time and space independent) properties such as the volumetric air
content 85, volumetric water content 8, and bulk density pg. The total porosity ¢ is
equal to gas-filled porosity plus liquid-filled porosity:

¢ =6 + 0. (1)

The loss of contaminants to the atmosphere is assumed to be limited by two layers:
(i) the compact cover, which is less permeable than the soil underneath to restrict the
infiltration of rainfall into the landfill and reduce the release of gas from the landfill;
and (ii) the overlying air—soil boundary layer.

2.2. Phases

Contaminants in the subsurface can be present in a vapor, liquid, solid or adsorbed
phase [19, 32]. The movement of a contaminant, other than molecular-scale gaseous
and aqueous diffusion, is modeled as a one-dimensional countercurrent flow: gas is
moving upward with interstitial velocity vg, whereas leachate is moving downward
with velocity v;. Sorbed phase contaminants are considered to be immobile. The
upward gas flow may result from the buildup of biogas (CO, and/or CH,) generated
by the decomposition of organic matter. Degradation is assumed to be first order with
rate constants ug, yr, and pg in the gas, liquid, and solid phase, respectively. The
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Fig. 1. Conceptualized landfill structure used in model.

continuity equations for each phase can therefore be written as follows (where z is
positive downwards, and equals zero at the bottom of the soil cover):

aCs  0Ce _  0*Cq dSg

vapor phase: = g = Dg e ucCq + w5 (2

. ~0C, oC, B 0*CL oS

llqu1d phase. W + v E = DL ? bt ;uLCL + 'E, (3)
b5/ oS,

solid phase: a—‘: = — usq + 6_ts )

Dg is the soil-gas molecular diffusion coefficient, and Dy is the soil-liquid molecular
diffusion coefficient, both accounting for the tortuosity effect of the soil. Cg, C;, and
q are concentrations in the gas, liquid, and solid phases, respectively (with the units for
q expressed as mass of contaminant sorbed per mass of dry soil, by convention). dS/0t
represents all the rate terms of interphase mass transfer [30, 33]. For example, dSg/0t
includes four separate terms, two negative or loss terms for the rates of transfer from
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(to) the vapor phase to (from) the liquid and the solid phases, and two positive or
source terms for the reverse directions (indicated in the parentheses).

The total chemical concentration per unit volume of soil, Cy, is the sum of each
contributing phase:

Cr=06Cq + 0.C1 + paq. &)
2.3. Partitioning

Mass transfer or partitioning occurs between two individual phases, namely
liquid-soil, soil-vapor, or vapor-liquid. Partitioning to the soil, known as adsorption,
influences the movement and fate of compounds via retardation. Adsorption can be
from the gas phase, the liquid phase, or both. The extent of adsorption depends greatly
on the moisture content of the soil: volatile compounds adsorb most strongly to soil
under conditions where the moisture content is low [34]. Of particular importance
here is that this process, while reducing the atmospheric emission rate, will also
prolong the emission duration, even beyond closure of a landfill.

For mathematical simplicity, local equilibrium is assumed between phases. At
equilibrium, the interphase mass transfers d5/0t in Eqs. (2)—(4) disappear because the
rate of the forward reaction is balanced by the rate of the backward reaction, and
therefore the partitioning becomes linear [30]:

liquid—soil: q=K,.Cy, (6)
soil-vapor: q =KgCg, (7
vapor-liquid: Cg = KuCy, (8)

where K is the liquid-soil adsorption coefficient, K is the gas—soil adsorption
coefficient, and Ky is Henry’s law constant.

In order to reduce the dependent variables, the individual concentration in each
phase (Cg, Cy, q) is expressed as a function of total concentration Cr, which has been
chosen as the only dependent variable. Using the linear partitioning isotherms from
Eqgs. (6)—(8) to rewrite (5) in terms of one phase concentration alone leads to the phase
partitioning coefficients (Rg, Ry, Rg), defined as the ratio of total concentration to the
concentration of an individual phase [19]:

Cr o K, oL

R =—=0 =

G Co G+K +PBKH GG+K + psKg, 9)
Cr

RL= ro 06 Ku + 0L + ps KL = 0Ky + 0. + pp KKy, (10)
L

Re=—"= = s 1

T TR R TP R T R (a

The local equilibrium assumption means that the system will adjust itself to any
perturbation instantly and re-establish a new equilibrium. Therefore, the mass frac-
tion distributed in each phase at any time ¢ remains the same, and can be calculated
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from the phase partitioning coefficients. Multiplying (9), (10), and (11) by 1/6g, 1/6,,
and 1/pg, respectively, and taking the reciprocal of the results gives:

O _ O

’G = i
RG R,

fo=z& -2

fs (12)

where fg, f, and f are mass fractions in the gas, liquid and solid phases, respectively.

2.4. Governing equation

The equilibrium assumption and the phase partitioning coefficients enable us to
combine Egs. (2)-(4), representing the individual phases, into a single equation.
Multiplying (2), (3), and (4) by 8¢, ., and pg, respectively, and adding them together,
we obtain the following governing equation:

0Cr 0Cr *Cy

— 4+ Vi— =Dy —r — u:Cr, 13
0t+T62 T 52 brCr (13)
where
VT=_0GUG 0LUL=_@ U_E’ (14)
Rg R;. R; R
0D, 6.D DE DE
p,=2c2 0O _Ds D (15)
Rg R, Rs R.
palo | wmbL | usp
Ur = A L SB=lJGfG+HLfL+Ilsfs- (16)

Re R Rs

ve and vP are the bulk (apparent) gas and water velocities, D and DF are the effective
gaseous and aqueous diffusion coefficients in soil, and u; is the overall first order
degradation rate. Note that the governing equation (13) takes the form of a conven-
tional advection—diffusion equation, with the effects of adsorption and other param-
eters represented via the coefficients V' and Dr. It holds even for the case where the
barometric gradients result in a downward gas velocity (i.e., a negative v§). In
addition, if biodegradation is inhibited, such as in the toxic environments found at
some hazardous landfill sites [10], v can be set to zero.

2.5. Flux

The flux of the gas or liquid phase at any cross section at a particular time is the sum
of the advective and diffusive fluxes, multiplied by the corresponding void fraction:

aC
JG=9(‘.(—UGCG—DG‘6_ZG>, (17)

ocC
JL= 0L<ULCL_DL6_ZL>‘ (18)
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The overall flux of a contaminant Jy is the combination of these two fluxes. Adding
together Egs. (17) and (18), and substituting (14) and (15) into the result, lead to the
overall flux equation, which will be used as the upper boundary condition:

0Cy

JT=JG+JL=VTCT_DTE' (19)

2.6. Boundary conditions

The gas flux through the landfill cover is limited by the presence of cover soil and
the adjacent air—soil boundary layer. Thus, two-film resistance theory can be applied:

J1(0,1) = — K;[Cs(0,1) — C,], (20
where

1 1 1 21
Ky DE™jd "k 2D
C, is the ambient concentration in the atmosphere, D™ is the effective gaseous
diffusion coeflicient in the cover soil, k is the mass transfer coefficient in the air—soil
boundary layer, and Ky is the overall mass transfer coefficient. Eq. (21) represents the
overall resistance of chemical movement as the sum of the resistances due to cover soil
characteristics and the air—soil interface.

The governing equation (13) requires two boundary conditions. The upper bound-
ary condition is obtained by substituting Eq. (20) into (19), and assuming the
background contaminant concentration in the atmosphere is negligible (C, = 0):

oC

VTCT—DTa—Tz—HTCT at z =0, (22)
Z
where
Kr
_ & 23
HT RG’ ( )

The lower boundary condition assumes that the concentration drops to zero as
z approaches infinity:

Cr(z,t) =0 atz= oo (24)

This boundary condition is appropriate for the case where the water table is signifi-
cantly below the contamination zone. Other types of boundary conditions can be
assumed if deemed more appropriate than Egs. (22) and (24).

2.7. Initial conditions

Two initial conditions will be explored. The first one simulates the environment
where the chemical of interest is initially distributed from z = 0 to some depth Ly
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(where Lp < L, the depth of the landfill). f(2) is the concentration gradient within the
landfill (0 < z < Lp), and can be any function of z. C, is an initial normalized or
average concentration so that f(z) becomes dimensionless. Since contaminants at
landfills are usually measured in the gas or liquid phase rather than as a total
concentration, transformation into Cy can be made through Eqgs. (9)—(11):

C1(z,0) = Cof (2). (25)

The second initial condition simulates an instantaneous release from a plane source
located at z = Lp below surface. This situation might approximate, for example,
a contaminant layer of liquid solvent resting on an impermeable soil layer [35]. For
this case, using J to denote the Dirac delta function, M is the contaminant release
strength:

Cy(2,0) = Mé(z — Lp). (26)

2.8. Analytical solutions

The governing equation, with the two boundary conditions and each of the two
initial conditions, was solved analytically using methods presented in Lindstrom and
Boersma [36] and Lindstrom and Narasimham [37]. The outline of the solution
technique is as follows: take the Laplace transform of the governing equation with
respect to z and ¢ successively; substitute the Laplace transform (with respect to t) of
the initial condition at t = 0 and the Laplace transform (with respect to z) of the upper
boundary condition at z = 0; solve C(p,s) (p is z’s Laplace variable and s is s
Laplace variable); separate the denominator into two parts, one with s, the other with
p; take the inverse transformation of C(p, s) with respect to z to obtain Cy(z, s); apply
the Laplace transform (with respect to t) of the lower boundary condition at z = o0
and finally invert Cy(z, s) with respect to ¢ to obtain C(z,t).

2.8.1. Previously distributed chemicals
Egs. (13), (22), (24), and (25) constitute the mathematical expressions for the case of
previously distributed chemicals. The solution is:

CT(Z,t)——°§—_exp( Tr——> f G xp[ Ve 5’]

_ 22 2 C
X {exp[—(iwj) ] + exp[—(z4;ft) ]}dé - 2_D0T(VT + 2Hy)

Ve+ H
xexp|:——;4Tt + —TF (Hyt + z)]
T

® HT Z+§+VTI+2HTt
xjo f(&)exp (D—TE> erfc( 2\/D_Tt )dé, 27
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where erfc is the complementary error function. The emission flux at the top of the
lower chamber (i.e., the bottom of upper cover), J1(0, t), can be calculated by setting
z =0 in Eq. (27) and then substituting into (20) as shown below:

HyC
2D,

T HT T ®
xexp[—ﬂrt+———(V +DT )H t] L f(&)exp (g—:f)

Vv t H D V32
xerfc(é + Vit + 2Hy )d?j — 1Co T exp(— urt — —Tt>
2\/DTt DT \/E

4Dy
» Vi 1,
XL £ eXp<—2—DT§ —4DTté )dé, (28)

Jr(0,t) = — K1 Co(0,t) = — HyC1(0,t) = —=—(Vr + 2Hy)

Note that f(z) appears in the integrals in (27) and (28). The model can thus estimate
emission rates from landfills initially incorporated with any concentration gradient of
chemical. However, if f(z) is nonlinear or is a complicated function, the integrals may
need to be evaluated numerically.

Example. For a chemical uniformly distributed to depth Ly,

1 f0<z<Lp

f(z)z{o if z> Ly

The integrations in (27) and (28) can be carried out explicitly:

CO Z"LD—VTt Z—VTt
Cr(z,t)=—exp(—pu t)[erfc(—— —erfc{ ——
T p LT 2/Dqt 2/Drt
CO VT) < VTZ) l: <Z + LD + VTl>
+—(14+— Jexp| —purt + — )] erfc| ————F——
2 ( Hy P Hr Dy 2/ Dyt
z+ Vﬁ)] C0< VT>
— erfc +—2+—
(2\/DTt 2 HT

(ViHr + HY)t + (V4 + HT)Z:|
Dy

{ [Z + (VT + 2HT)t] (HTLD)
x serfc] ————— [ — exp| ——
2 DTt DT

xerfc[z + LD + (V—r + 2HT)t):|}’ (29)

2. /Drt

X exp|:—uTt +
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Co Vit Lp + Vqt
Jr(0,t) = — Vryexp(— t)[erfc(—) - erfc(—)]
(0, 1) 7 T p(— pr 5 P—DTI 2 /Dt

C ViHr + H3)t H:L
+ 70 2QHr + Vy) exp|: — urt + (—Ltiil {exp(T—D)

Dy Dt
X erfc[LD +(Vr + ZHT)t)] — erfc [————(VT + 2HT)t]}. (30)
2./ Dyt v 2./ D+t

2.8.2. Instantaneous plane release

Egs. (13), (22), (24), and (26) constitute the mathematical expressions for the case of
an instantaneous release from a plane source located at z = Lp. The solution for
z< Lpis:

M
CT(Z, t) = '2— exp[—uTt + (DTLlZ) + VTLp)t]

X {exp( —Lpz)erfc|: i (2VTD+ tzDTLP) t] + exp[(LP + —Z—:) z]
T

Xerfc[z-l_(VT +2DTLP)t:|} M (VT+2HT)
2/Drt 2 (DrLp — Hy)

2
% expl:—ﬂTt + (VTHT + HT)t + (VT + HT)Z]
Dy
Hy
X <exp{<LP . > [z+(Vi+ Hr + DTLP)t]}
T

X erfc[z + (Ve + 2DTLP)[] — erfc[z—HI/T—+2—H—T)E]>, (31)
2 DTt 2 DTt

T2, 1) = M(Vy+ 2Hy)Hy (ViHt + H%)t]

—_ 1 — pigt
2 (Hy — DiLp) e"p[ bt —p;

H V 2D1Lp)t
y {exp[(L,, _ 17T> (Ve + Hy + DiLy) t] erfc[(—T_'_—TP)—]
T

2/ Dt

Vv 2H
— erfc[u]} — MHyexp[ —pugt + (DL + ViLp)t]

2./Dyt

x erfc [M] } (32)

2./Drt
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3. Input parameters

The input parameters required by this'model can be divided into three categories:
landfill characteristics, chemical properties, and field measurements, which are sum-
marized in Table 1. Parameters in the first and third categories can be obtained from
daily operational records and/or by conducting simple field measurements. The
greatest difficulty in input requirements is accurately determining the chemical prop-
erties of the compounds of interest. Although properties such as the Henry’s law
constant have been experimentally measured and have extensive data available,
others such as adsorption coefficients and effective diffusivities are more difficult to
estimate accurately. In particular, since past efforts in adsorption research have
almost exclusively focused on organic behavior under saturated (wet) conditions, the
adsorption coefficients within multiphase (dry) systems have only recently begun to
become available. For hydrophobic solute in water-saturated soil, it is now generally

Table 1
Input parameters

Category/input data

Symbol (units)

Landfill characteristics
Landfill cover depth
Bulk density of soil
Volumetric air content
Volumetric water content

Chemical properties
Effective gaseous diffusivity in soil
Effective aqueous diffusivity in soil
Effective gaseous diffusivity in cover
Overall first order degradation rate
Gas/solid adsorption coefficient
Liquid/solid adsorption coefficient
Henry’s Law constant

Field measurements
Bulk gas velocity
Bulk leachate velocity
Mass transfer coefficient
(A) Previously distributed chemicals
(a) Case of concentration gradient
Initial concentration
Concentration gradient function
(b) Case of uniform concentration
Vertical depth of contamination
(B) Instantaneous plane release
Plane source strength
Distance of the source plane beneath the surface

d (m)
pp (kg/m?)
0 )
0L

DE (m?/day)
D (m?/day)
DE* (m?/day)
pr (day™?)

Kg (m*/kg)

Ky (m?/kg)

Ky (-)

vg, (m/day)
vp (m/day)
k (m/day)

Co (kg/m?)
f@) (=)
Lp (m)

M (kg/m?)
Lp (m)
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acknov:/ledged that the liquid-soil partition coefficient K| is dependent on the organic
fraction of soil foc, and the octanol-water partition coefficient Kow [38, 39]:

KL(ms/kg) =6.3%x10"* foc Kow = focKoc- (33)

For estimating the effective diffusivities in soil D§ and Df, the Millington—Quirk
formulas [40, 41], which relate effective diffusivities to the molecular diffusion coeffi-
cients in pure phase and the soil porosity, are most widely used:

DE = ;2 air (34)
91 0/3
Df = ﬁoxa‘“. (35)

D" is the molecular diffusion coefficient in air, and D" is the molecular diffusion
coefficient in water. The effective gaseous diffusivity in the cover soil D in Eq. (21)
can also be estimated by Eq. (34) with corresponding 65 and ¢.

Another difficulty in input requirements relates to the uncertainty of some chemical
properties. For example, published data for the degradation rate constant of the same
compound can vary by several orders of magnitude. If a compound’s half-life T, is
measured, the degradation rate constant can be estimated by:

(36)

4. Numerical simulation

Egs. (27)—(32) involve mixed multiplications between exponential and complemen-
tary error functions. Due to the limited number of significant digits that even today’s
computers can store, if the power term in the exponential function is high, overflow
often occurs during multiplications. Cadena [42] proposed an approach to overcome
this problem. The technique is to approximate the complementary error function in
terms of another exponential function with a negative power term, thereby greatly
reducing the high power raised by the original exponential function that causes
overflow. As an example, suppose W is the multiplication that needs to be evaluated:

W = ¢ x erfe(x). (37)

The numerical approximation of W using the formula for an error function in
Abramowitz and Stegun is [43]:

1.0

="  itx>0, (3
o 1X20 69

W =(a;t + at? + ast® + ast* +astd)xe’ ™, t
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where
a, = 0.254829592, a, = — 0.284496736,
ay = 142141741, a, = — 1.453152027,
as = 1.061405429, p =0.3275911.

The above approximation is only applicable for a complementary error function
with a positive argument x. If the argument is negative, the following scheme is
derived:

1.0

W =2¢" —(art + ayt? + ast> + ast* + ast’yxe@ ¥, t=—""
1.0 + p|x|

if x <0. (39)

5. Strengths and weaknesses of the model

As was noted several years ago [44], the strengths and weaknesses of currently
available models still directly result from the present level of understanding regarding
the fundamental processes that control the transport and fate of contaminants.
Unfortunately, the research on multiphase systems in unsaturated porous media has
only recently begun [45], so our understanding of complicated processes in the
subsurface is limited. Although the model proposed in this paper is able to predict
concentration profiles and shows how the emission flux varies with time, an improve-
ment over previous models, some limitations exist. First, linear equilibrium partition-
.ng (saturation in vapor-liquid phase, local equilibrium adsorption in soil grain, etc.)
is assumed, while in reality adsorption appears to be nonlinear and equilibrium may
not be reached. In other words, adsorption, volatilization and transport processes
may be controlled by mass transfer limitations [46]. The potential effects of temporal
and spatial variations in moisture and temperature on chemical volatilization are also
ignored [33].

The model presented here, though a one-dimensional approach, can be extended
into three dimensions for a point source release, providing a kernel for sources of any
geometrical shape and thereby forming the basis for a more comprehensive analytical
VOC emission model. Three-dimensional models for solute transport in saturated
porous media and the solution techniques can be found in Carnahan and Remer [47]
or Goltz and Roberts [48]. The effects of soil properties and moisture on the sorption
of vapor within a three phase system can be found in Ong and Lion [49].

6. Model predictions

Three compounds were chosen to illustrate model performance. Vinyl chloride and
benzene are common airborne pollutants near landfill sites, whereas lindane is



284 J.S. Lin, L.M. Hildemann/Journal of Hazardous Materials 40 (1995) 271-295

Table 2
Chemical properties of three selected compounds

Parameters vC Benzene Lindane

D& (m?/day) 924 x 10712 7.52x1071* 501x10°'*
D™ (m?/day) 1.08 x 10742 8.81x 1075 475x1075°
ur (day™h)° 0.0 0.0 2.605x1073¢
Kg (m*/kg) — — —

Koc (m3/kg) 40x10°! 83x 1072 13

K, (m3/kg) 50x10°3 1.038x 1073 1.625x 1072
Ky (- 9.7 x 10! 22x107! 1.3%x1074

*Yeh and Kastenberg [50].

bCohen and Ryan [33].

¢ Jury et al. [21].

4 Assumes that ur & ug, since > 98% of lindane partitions into the solid phase.
* Ky = foc % Koc-

a widely-present soil contaminant. Table 2 lists the chemical properties required for
model input. The adsorption coefficient, K,, is estimated from Eq. (33), and the
effective diffusivities in soil D& and DF are from the Millington-Quirk formulas. The
landfill is assumed to be an “open dump” (no cover, d = 0) and initially incorporated
with uniform contaminants in the uppermost one meter (so that L, = 1 m in Eq. (29)).
Thus the only barrier for gas movement is the surface boundary layer immediately
above the landfill (ie., Kt = k). The mass transfer coefficient, k, is assumed to be
90.5 m/day, which corresponds to a boundary layer thickness of about 0.5 cm [19].
Bulk gas velocity v2 and leachate velocity vf values used in the examples are indicated
in the figures. (It should be noted that much higher velocities have been reported in the
literature for some sites.) Other input data are foc = 0.0125, pg = 1350 kg/m?,
0 = 0.2, and 6, = 0.3, all chosen as representative of “typical” conditions.

The time-invariant mass fraction of the chemical distributed in each phase is
calculated from Eq. (12). The results for three compounds are shown in Table 3. For
vinyl chloride, the majority of mass (73.4%) is in gas phase; for benzene and lindane,
the majority (80.3% and 98.7%) is adsorbed onto solid. These distributions have
a great impact on how the chemicals behave and are transported in the subsurface
landfill environment.

Fig. 2 shows a typical concentration evolution in a landfill for benzene. Velocities
for gas and leachate are set to be equal (0.05 m/day) in this case. The contaminant
front moves downwards with peak concentration gradually reducing with time due to
spreading via dispersion and loss via volatilization (loss via degradation is negligible
since puyp =0). It is interesting to evaluate how important of a removal pathway
volatilization is for the compound of interest. This can be done by estimating the mass
remaining in the underground plume at time ¢

z

m (kg/m?) = j

0

t
CT(Z, t)dZ ~ C()LD — j JT(O, t)dt (for Hr = 0) (40)
[
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Table 3
Distributions among phases

Phase Mass fraction
vC Benzene Lindane
Gas fg 0.734 0.025 < 0.001
Liquid f;, 0.011 0.172 0.013
Solid fs 0.255 0.803 0.987
1 T T T T T T T T T
o9 : t=5 days v =005 m/day A
m =0.9377 mo U: =0.05 m/day
0.8f : : 4
¥ 0.7}
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§osf! :
8 ;7N t=100 days
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Fig. 2. Evolution of the subsurface concentration profile for benzene as function of time.

Numerical integration schemes (such as Simpson’s rule or Trapezoidal rule) can be
applied to evaluate the above integral. For benzene, even though 80.3% of the mass
exists in the solid (sorbed) phase (sece Table 3), migration with leachate is noticeable.
However, this migration is slow due to the retardation caused by the adsorption: it
takes about 100 days for the centerline to travel 2.5 m downwards, despite the fact
that the leachate is moving 5 m/100 days. In addition, over 90% of the mass remains
in the landfill after 200 days, implying that volatilization is not a significant loss
pathway under these conditions. '

As a comparison, the concentration profiles for vinyl chloride, a highly volatile
compound, are plotted in Fig. 3. Despite a leachate flow of 0.15 m/day (three times as
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Fig. 3. Evolution of the subsurface concentration profile for vinyl chloride as function of time.

high as the gas flow) acting as a downward “drag force”, the mass remaining in the
landfill decreases to almost zero (m ~ 5% m,) within ten days as a result of volatili-
zation losses. Thus, despite the relatively high leachate flowrate, a significant portion
of the mass is released to the atmosphere before the contaminant has a chance to
migrate with the leachate. The high volatility of vinyl chloride prevents it from
migrating downward in substantial quantities, so the majority of the remaining mass
stays immobile (within the initial one meter of contaminated depth), whereas the less
volatile nature of benzene allows it to eventually infiltrate deep into the landfill
(Fig. 2).

To demonstrate the effect of the moving flows on pollutant transport, a situation
where no apparent moving flows occur (vg = v} = 0) is plotted in Fig. 4 for benzene.
The concentration profiles for this diffusion-only case are very different from those in
Fig. 2, because the plume is no longer migrating away from the surface. The loss via
gas diffusive flux accounts for 58% of the initial mass after 200 days, compared to only
8% for advective and diffusive fluxes combined. Therefore, the impact of moving flows
on concentration profiles can be significant.

The emission fluxes for the three compounds are plotted versus time in Fig. 5(a) and
(b). Vinyl chloride, with a high Henry’s law constant, volatilizes strongly and domi-
nates in the early stage of emissions, but also dies down quickly due to the limited
amount of the mass available for emissions. In contrast, the flux for lindane is
relatively small, because of its low Henry’s law constant and the high percentage of



J.S. Lin, LM. Hildemann/Journal of Hazardous Materials 40 (1995) 271-295 287

1 T T T T T

0.9 t=5 days vE =000 m/day -
: m = 0.8938 mo vf =0.00 m/day

o
w
T
1

o
~
T
1

o
[+)]
T
1

t=100 days
m= 0.547_4 mo

’ ~

normalized concentration Cr/Co
o o o
() H (4]
T T T
<
Ay
Vd
I
rd
1 1 i

o
N
T
~
Vs,
Il

(=]
pry
/
/
i

, N 1=200 days
’ . N m = 0.4247 mo

~— g

15 2 25 3
z (meters)

©
o
2
-

Fig. 4. Evolution of the subsurface concentration profile for benzene as function of time, with diffusion
only.

mass bound as solid. Nevertheless, lindane emissions persist over a long time period,
despite having a nonzero degradation rate, and eventually become dominant when
benzene has decreased, as can be seen in Fig. 5(b). It should be noted that the fluxes are
normalized with initial concentration; hence, the actual emission rate may not be
negligible even though the emission curves asymptotically approach zero.

To briefly examine how the moving flows affect benzene emissions, emission fluxes
are plotted with varying bulk gas flow and leachate flow. A higher gas flow sweeps out
more contaminants, resulting in higher emission rates for benzene early on (Fig. 6).
However, the effect on lindane is minimal (Fig. 7) because virtually all the mass resides
in the solid phase and the very low Henry’s law constant is unfavorable for volatili-
zation. Fig. 8 shows the influence of leachate flowrate on benzene emissions. The more
contaminants are carried with the leachate, the less volatilization occurs early on.
Later, the amount of initial mass remaining in the landfill becomes important.

Finally, to assess the maximum possible magnitude of prediction differences
between the current model and other screening-level models, a worst case emis-
sion scenario is plotted in Fig. 9. The worst case scenario shown — negligible
adsorption (Kg = K. = 0), single gas transport route (vf = 0), and recalcitrant con-
taminant (4 = 0) — is generally assumed in screening-level models. Overestimation
by at least one order of magnitude early on can be expected in this worst case
scenario.



288 J.S. Lin, LM. Hildemann/Journal ofHazardous Materials 40 (1995) 271-295

25 na — T T *" N T T T
vg = 0.16 m/day
. 2 vl =000 m/day .
>
5]
h-]
E
9: ~
5
x
2
= 4
K]
(7}
K4
€
1)
3 J
3
E
a
I3
_05 — —l 1 ~L —l A L | —L
0 0.5 1 15 2 25 3 35 4 45 5
time (days)
-5
14X1° 1 T L) L} L} LA T L) L}
vE =0.16 m/day
12p ¢ /
\\ uf = 0.00 m/day
> \
‘§10~ \ ]
£ \
= \
9 ‘benzene
e 1
5 \
\
_5 A
g 6r \\ b
.2 \
o 4} >
N h
8 N
o SN
g 2\_\\\\ ................. |Indan9 .......... N
g L
0 vinyl chioride TTe-e L .

n A Il 1 (- . L 1 - A
f’oo 105 110 115 120 125 130 135 140 145 150
time (days)

Fig. 5. The normalized atmospheric emission rate of vinyl chloride, benzene, and lindane from a landfill:
(a) the early stage (0—5 days); (b) the later stage (100-150 days).
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As can be seen in Figs. 6-8, very complex emission behavior can result under
certain circumstances. A more thorough examination of this behavior would certainly
lead to a better fundamental understanding of the relative importance of the various
mechanisms contributing to the rate of atmospheric emissions. While such an analysis
is beyond the scope of this paper, it is planned for the future.

7. Conclusions

A nonsteady-state analytical model was developed to predict emissions of volatile
organic compounds (VOCs) from hazardous or sanitary landfills. The model incor-
porates the following important mechanisms occurring in the unsaturated subsurface
landfill environment: biogas flow, leachate, diffusion, adsorption, degradation, volatil-
ization and mass transfer limitations through the top cover.

Examinations of three selected compounds using this model show a complicated
interaction of the mechanisms involved. The Henry’s law constant has the most
significant effect on emissions to the atmosphere. Biogas flow and leachate act as two
competing mechanisms for the removal of contaminants from the soil, whereas
adsorption retains chemicals and prolongs the period of time over which emissions
are released. The model is able to predict changes in subsurface concentrations and
emission fluxes with time, an improvement over currently-available screening-level
models.

8. Nomenclature

C, ambient concentration in atmosphere, ML ™3,

C, initial concentration, ML 3.

Cs concentration in gas phase, ML 3.

CL concentration in liquid phase, ML 2.

Cr bulk concentration or total concentration, ML ~3.

d landfill cover depth, L.

Dg gaseous molecular diffusion coefficient in soil, LT "1,
D¥r molecular diffusion coefficient in air, L2T !,

Dg effective gaseous diffusion coefficient in soil, L2T 1.
Dg effective gaseous diffusion coefficient in cover soil, L*T*.
Dy aqueous molecular diffusion coefficient in soil, LT 1.
D effective aqueous diffusion coefficient in soil, L2T 1,
Dyater molecular diffusion coefficient in water, L>T L.

Dz defined in (15), L°T 1.

erfc complementary error function.

fa equilibrium mass fraction in gas phase, dimensionless.
A equilibrium mass fraction in liquid phase, dimensionless.
foc fraction of organic carbon in the soil, dimensionless.

fs equilibrium mass fraction in sorbed phase, dimensionless.
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concentration gradient function, dimensionless.

defined in (23), LT ..

gaseous contaminant flux, ML 2T~ 1,

aqueous contaminant flux, ML 2T~ 1,

total flux, defined in (19), ML 2T~ 1,

mass transfer coefficient in the air-soil boundary layer, LT 1.
linear adsorption coefficient between gas and solid phase, L3M ~ 1.
Henry’s law constant (concentration basis), dimensionless.
linear adsorption coefficient between liquid and solid phase, LM 1,
organic carbon partition coefficient, L3M ~ 1.

octanol-water partition coefficient, dimensionless.

overall mass transfer coefficient through top soil cover, LT 1.
landfill depth, L.

vertical depth of contamination, L.

distance of the source plane beneath the surface, L.

mass remaining underground, ML ~2.

initial mass underground, ML ™2,

contaminant release strength in plane source, ML~ 2,
Laplace variable with respect to z.

concentration sorbed onto solid surface (mass of contaminant per mass
of dry solid), MM ~ .

partitioning coefficient for vapor phase, dimensionless.
partitioning coefficient for liquid phase, dimensionless.
partitioning coefficient for sorbed or solid phase, ML 3.
Laplace variable with respect to t.

rate of mass transfer in vapor phase, ML 3T !,

rate of mass transfer in liquid phase, ML 3T L.

rate of mass transfer in solid phase, MM ~ 1T~ 1.

time, T.

half-life, T.

gaseous interstitial velocity, LT 1.

bulk or apparent gas velocity, LT 1.

aqueous interstitial velocity, LT,

bulk or apparent water velocity, LT~ 1.

defined in (14), LT L.

defined in (37).

vertical distance, positive downwards, L.

Dirac delta function.

overall degradation rate, defined in (16), T L.

first order rate constant in gas phase, T~ 1.

first order rate constant in liquid phase, T™*.

first order rate constant in solid phase, T L.

total porosity, dimensionless.

bulk density of soil, ML 3.

volumetric air content or gas-filled porosity, dimensionless.
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0. volumetric water content or liquid-filled porosity, dimensionless.
14 integration variable.
Acknowledgements

Funding for this study was provided by the US Department of Energy through the
US Environmental Protection Agency-supported Western Region Hazardous Sub-
stance Research Center, under agreement R-815738-01. The contents of this publica-
tion do not necessarily represent the views of these organizations.

References

[1] J.A. Wood and M.L. Porter, Hazardous pollutants in class II landfills, J. Air Pollut. Control Assoc., 37
(1987) 609-615.

[2] A.T. Hodgson, K. Garbesi, R.G. Sextro and J.M. Daisey, Soil-gas contamination and entry of volatile
organic compounds into a house near a landfill, J. Air Waste Manage. Assoc., 42 (1992) 277-283.

[3] T.T. Shen and G.H. Sewell, Air pollution problems of uncontrolled hazardous waste sites, Civ. Eng.
Practicing and Des. Eng., 3 (1984) 241-252.

[4] G.F. Bennett, Air quality aspects of hazardous waste landfills, Hazard. Waste Hazard. Mater., 4 (1987)
119-138.

[5] T.T. Shen, Air pollution assessment of toxic emissions from hazardous waste lagoons and landfills,
Environ. Int., 11 (1985) 71-76.

[6] B. Eklund and C. Schmidt, Estimation of Baseline Air Emissions at Superfund Sites (Revised),
Air/Superfund National Technical Guidance Study Series, Vol. II, US EPA, PB90-270588, 1990.

[7] Environmental Proltection Agency, Hazardous Waste Treatment, Storage and Disposal Facilities
(TSDF) - Air Emission Models, US EPA, PB88-198619, 1987.

[8] R. Mayer, J. Letey and W.J. Farmer, Models for predicting volatilization of soil-incorporated
pesticides, Soil Sci. Soc. Am. Proc., 38 (1974) 563—568.

[9] W.J. Farmer, M.S. Yang, J. Letey, W.F. Spencer and M.H. Roulier, Land Disposal of Hexachloroben-
zene Wastes: Controlling Vapor Movement in Soils, US EPA, PB80-216575, 1980.

[10] T.T. Shen, Estimating air emissions from disposal sites, Pollut. Eng., 13 (1981) 31-34.

{117 L.J. Thibodeaux, Estimating the air emissions of chemicals from hazardous waste landfills, J. Hazard.
Mater., 4 (1981) 235-244.

[12] L.J. Thibodeaux, C. Springer and L. Riley, Models of mechanisms for the vapor phase emission of
hazardous chemicals from landfills, J. Hazard. Mater., 7 (1982) 63-74.

[13] L.J. Thibodeaux, K.T. Valsaraj, C. Springer and G. Hildebrand, Mathematical models for predicting
chemical vapor emissions from landfills, J. Hazard. Mater., 19 (1988) 101-118.

[14] J.S. Lin and L.M. Hildemann, Air emission models for hazardous waste landfills, in: Proc. 1993 Joint
CSCE-ASCE National Conf. on Environ. Eng., published by the Geotechnical Research Center of
McGill University, Montreal, 1993, pp. 75-82.

[15] J.F. Rickabaugh and R.N. Kinman, Evaluation of trace VOC emissions from sanitary landfills, J.
Environ. Eng., 119 (1993) 645-657.

[16] L.W. Baker and K.P. Mackay, Screening models for estimating toxic air pollution near a hazardous
waste landfill, J. Air Pollut. Control Assoc., 35 (1985) 1190-1195.

[17] S. Haderlein and K. Pecher, Volatilization of halocarbons from a sanitary landfill site, in: K. Grefen
and J. Lobel (Eds.), Environmental Meteorology, Kluwer, Netherlands, 1988, pp. 63-73.

[187 M.J. Barboza, An integrated study of air toxic emissions from MSW landfill, in Proc. 1991 Specialty
Conf. on Environ. Eng., published by the American Society of Civil Engineers, New York, 1991, pp.
59-64.



294 J.S. Lin, LM. Hildemann/Journal of Hazardous Materials 40 (1995) 271-295

[19] W.A. Jury, W.F. Spencer and W.J. Farmer, Behavior assessment model for trace organics in soil: L
Model description, J. Environ. Qual., 12 (1983) 558-564.

[20] W.A. Jury, W.J. Farmer and W.F. Spencer, Behavior assessment model for trace organics in soil: 11
Chemical classification and parameter sensitivity, J. Environ. Qual., 13 (1984) 567-572.

[21] W.A. Jury, W.F. Spencer and W.J. Farmer, Behavior assessment model for trace organics in soil: I11.
Application of screening model, J. Environ. Qual,, 13 (1984) 573-579.

[22] W.A. Jury, W.F. Spencer and W.J. Farmer, Behavior assessment model for trace organics in soil: IV.
Review of experimental evidence, J. Environ. Qual., 13 (1984) 580-586.

[23] F. Cadena, D.J. Fingleton and R.W. Peters, Evaluation of VOC emissions from landfarming opera-
tions, in: Proc. 44th Purdue University Industrial Waste Conf., Lewis, Chelsea, Michigan, 1990, pp.
453-463. '

[24] R.A. Freeman and J.M. Schroy, Environmental mobility of dioxins, in: R.C. Bahner and D.J. Hansen
(Eds.), Aquatic Toxicology and Hazard Assessment: 8th Symposium, American Society of Testing
Materials, Philadelphia, 1984, pp. 422-439.

[25] R.A. Freeman and J.M. Schroy, Modeling the transport of 2,3,7,8-TCDD and other low volatility
chemicals in soils, Environ. Prog., 5 (1986) 28-33.

[26] C.P. Halvadakis, A.N. Findikakis, C. Papelis and J.O. Leckie, The Mountain View controlled landfill
project field experiment, Waste Manage. Res., 6 (1988) 103-114.

[27] A.N. Findikakis, C. Papelis, C.P. Halvadakis and J.O. Leckie, Modeling gas production in managed
sanitary landfills, Waste Manage. Res., 6 (1988) 115-123.

[28] M. El-Fadel, A.N. Findikakis and J.O. Leckie, A numerical model for methane production in
managed sanitary landfills, Waste Manage. Res., 7 (1989) 31-42.

[29] C. Seigneur, A. Wegrecji, S. Nair and D. Longwell, Mathematical modeling of air emission from
landfill sites, in: D.T. Allen, Y. Cohen and LR. Kaplan, (Eds.), Intermedia Pollutant Transport:
Modeling and Field Measurements, Plenum Press, New York, 1989, pp. 105-119.

[30] S. Nair, D. Longwell and C. Seigneur, Simulation of chemical transport in unsaturated soil, J.
Environ. Eng., 116 (1990) 214-235.

[31] S. Cernuschi and M. Giugliano, Assessment techniques for gas emission and dispersion from waste
landfills, in: T.H. Christensen, R. Cossu and R. Stegmann (Eds.), Sanitary Landfilling: Process,
Technology, and Environmental Impact, Academic Press, San Diego, 1989, pp. 437-451.

[32] J.S. Devinny, Soil water content and air stripping, in: Proc. 1989 Specialty Conf. in Environ. Eng,,
American Society of Civil Engineers, New York, 1989, pp. 555-563.

[33] Y. Cohen and P. Ryan, Chemical transport in the top soil zone — the role of moisture and temperature
gradients, J. Hazard. Mater., 22 (1989) 283-304.

[34] S.H. Poe, K.T. Valsaraj, L.J. Thibodeaux and C. Springer, Equilibrium vapor phase adsorption of
volatile organic chemicals on dry soils, J. Hazard. Mater., 19 (1988) 17-32.

[35] 1.C. Little, J.M. Daisey and W.W. Nazaroff, Transport of subsurface contaminants into buildings: an
exposure pathway for volatile organics, Environ. Sci. Technol., 26 (1992) 2058 -2066.

[36] F.T. Lindstrom and L.A. Boersma, Theory on the mass transport of previously distributed chemicals
in a water saturated sorbing porous medium, Soil Sci., 3 (1971) 192-199. ’

[37] F.T. Lindstrom and M.N.L. Narasimham, Mathematical theory of a kinetic model for dispersion of
previously distributed chemicals in a sorbing porous medium, SIAM J. Appl. Math., 24 (1973) 496-510.

[38] S.W. Karickhoff, D.S. Brown and T.A. Scott, Sorption of hydrophobic pollutants on natural
sediments, Water Res., 13 (1979) 241-248.

[39] S.W. Karickhoff, Semi-empirical estimation of sorption of hydrophobic pollutants on natural sedi-
ments, Chemosphere, 10 (1981) 833-846.

[40] R.J. Millington, Gas diffusion in porous media, Science, 130 (1959) 100—102.

[41] W.J. Farmer, K. Igue, W.F. Spencer and J.P. Martin, Volatility of organochlorine insecticides from
soil, Soil Sci. Soc. Am. Proc., 36 (1972) 443-447.

[42] F. Cadena, Numerical approach to solution of pollutant transport models using personal computers,
Computers in Education Division of ASEE, 9 (1989) 34-36.

[43] M. Abramowitz and I.A. Stegun, Handbook of Mathematical Functions with Formulas, Graphs, and
Mathematical Tables, Dover, New York, 1970, p. 299.



J.S. Lin, L.M. Hildemann/Journal of Hazardous Materials 40 (1995) 271-295 295

[44] D.M. Mackay, P.V. Roberts and J.A. Cherry, Transport of organic contaminants in groundwater,
Environ. Sci. Technol., 19 (1985) 384-392.

[45] B.J. McCoy and D.E. Rolston, Convective transport of gases in moist porous media: Effect of
absorption, adsorption, and diffusion in soil aggregates, Environ. Sci. Technol., 26 (1992) 2468-2476.

[46] Y. Cohen, Organic pollutant transport, Environ. Sci. Technol., 20 (1986) 538-544.

[47] C.L. Carnahan and J.S. Remer, Nonequilibrium and equilibrium sorption with a linear sorption
isotherm during mass transport through an infinite porous medium: Some analytical solutions, J.
Hydrology, 73 (1984) 227-258.

[48] M.N. Goltz and P.V. Roberts, Three-dimensional solutions for solute transport in an infinite medium
with mobile and immobile zones, Water Resour. Res., 22 (1986) 1139-1148.

[49] S.K. Ong and L.W. Lion, Effects of soil properties and moisture on the sorption of trichloroethylene
vapor, Water Res., 25 (1991) 29-36.

[50] H.C. Yeh and W.E. Kastenberg, Health risk assessment of biodegradable volatile organic chemicals:
A case study of PCE, TCE, DCE and VC, J. Hazard. Mater., 27 (1991) 111-126.



