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ABSTRACT

In recent years, phytoremediation, the use of plants to detoxify hydrocarbons, has been a promising
new area of research, particularly in situ cleanup of large volumes of slightly contaminated soils.
There is increasing need for a mathematical model that can be used as a predictive tool prior to actual
field implementation of such a relatively new technique. Although a number of models exist for solute-
plant interaction in the vegetated zone of soil, most of them have focused on ionic nutrients and some
metals.In this study, we developed a mathematical model for simulation of bioremediation of
hydrocarbons in soil, associated with plant root systems. The proposed model includes root
interactions with soil-water and hydrocarbons in time and space, as well as advective and dispersive
transport in unsaturated soil. The developed model considers gas phase diffusion and liquid-gas mass
exchanges. For simulation of temporal and spatial changes in root behavior on soii-water and with
hydrocarbons, time-specific distribution of root quantity through soil was incorporated into the
simulation model. Hydrocarbon absorption and subsequent uptake into roots with water were
simulated with empirical equations. In addition, microbial activity in the rhizosphere, a zone of unique
interaction between roots and soil microorganisms, was modeled using a biofilm theory. This
mathematical model for understanding and predicting fate and transport of compound in plant-aided

remediation will assist effective application of plant-aided remediation to field contamination.
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1. INTRODUCTION

The widespread spill of small volumes of
hydrocarbons in the subsurface has led to
contamination requiring expensive removal by
conventional chemical, physical, and biological
techniques. Hydrocarbons are known to be
degraded as primary substrates under aerobic
conditions by a mixed population of indigenous
microorganisms. Recently, in situ
bioremediation, which involves the use of
indigenous microbes, has been applied for clean-
up of soil slightly contaminated with
hydrocarbons. However, there are some
difficulties in implementation of in situ
bioremediation, including requirement of
continuous delivery of appropriate electron

acceptors (e.g., oxygen) and substrates through
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the contaminated zone. Plants reportedly offer
an alternative for the addition of organic
amendments to increase microbial activity and
improve the chemical and physical properties of
soil’. A growing root system can be an
effective means of increasing and distributing
soil organic matter and soil microorganisms
throughout the soil?, Therefore, use of plants to
stimulate the remediation of a toxic and
recalcitrant non-point hydrocarbon at low soil
concentrations and with a wide distribution in
soil may represent a potential Jow-cost and
effective alternative for waste management.
Many phytoremediation projects are currently
considered as polishing steps to follow
emergent treatment of urgent situations. These
projects are currently under way for remediation

of more isolated and less contaminated sites
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over a long-term period in a field scale within
the hazardous waste-cleanup industry™.
Mathematical modeling associated with actual
field implementation will present useful
information for the assessment of availability
and for prediction of duration of such remedial
operations. Although there are a number of
developed conceptual models, most have
focused on the fate of ionic nutrients and metals

5),28)

in the root-soil zone Such models

incorporate the transport mechanisms of
nutrients and other solutes to the surface of
roots and penetration of ions into the roots.
Root-organic chemical interactions lack
quantitative correlations and have therefore been
ignored in most modeling efforts for chemically
contaminated sites. Several recent theoretical
models of the effect of vegetation on fate of
organic chemicals at hazardous waste sites have
been published® ' . Although the models
show promise as predictive tools, they do not
provide sufficient information about the degree
of influence of each process or parameter on
the performance of bioremediation.

This study examined the effect of plants on in
situ bioremediation of large volumes of soil
slightly contaminated with environmentally
ubiquitous hydrocarbons found in hazardous

waste sites.
2. MODEL DEVELOPMENT

Development of the Governing Equations for
Soil-Water Flow in the Vegetated Unsaturated
Zone : Assuming incompressible soil matrix
and soil-water, a general macroscopic equation

governing one-dimensional vertical water flow

in unsaturated soil is

where fw is the volumetric water content of
bulk soil [L’L"?}, q, is the Darcy velocity [L* L
T'], and Sw is the sink term which represents
the root water uptake rate [L’L°T’]. The
general form of such a model for the one-
water flow in an

dimensional vertical

unsaturated zone is

‘—.——‘—Kw_—
0;

36, p) ohy
ot 0;

—1J + Sw=0-(2)

where hw is the pressure head in bulk soil [L},
related to fw by the soil-moisture characteristic
curve and Kw is the unsaturated hydraulic
conductivity [LT"].

Assuming constant root water uptake per unit
length of the root above a critical soil-moisture
content, below which the uptake decreases
linearly with water content', the mean daily
oot water uptake rate per a unit volume of soil
Sw in (2) is obtained

where L,; is the rooting density, defined as
length of roots per unit volume of soil [LL”]
and q,, is the mean daily uptake rate [L’L"T'].
Gerwitz and Page (1974)" found that under
well watered conditions in a deep, uniform soil,
a crop's root quantity normally declines
exponentially with depth as:

where f [L') is a are constant over depth at a
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time period for plant growth and L, [LL’) is
the maximum value of L, in topsoil. The
expression of root distribution in equation (4) is
similar to the uptake distribution function given
by Raats (1976)”. Data of f for the majority
of mature crop plants was summarized by
Gerwitz and Page (1974) demonstrating
adequate description of root distribution for
approximately 70% of the cases quoted.

After a review of the depth development of
roots of 48 crop species by analyzing 135
reported field observations under generally
favorable environmental conditions for root
growth, Borg and Grimes(1986)'” found that
the increase in rooting depth z, with time
delineates a sigmoidal curve which could be

plotted by a single sine function, such that

Zm = zp (0.5+ 0.5 sin[3.03 - () - 1.49]]

where t; is the time to plant maturity [T], zn
is the current rooting depth [L], and z; [L] is
the maximum rooting depth to be achieved at
t =t

For evaluating the proportion of total active
roots in depth increments and its change with
time, the root growth model is coupled with the
root distribution model of Gerwitz and Page
(1974). The changes in L,,; and 1/f with time

are described in the same way as rooting depth
z, by the use of (5), that is

1/ f=Q/ fx {0.5+ 0.55in[3.03(t/?,)—1.47:!}- -(6)

Loy<Lys {0.5+ 05 sin[s.os(t/t,) - 1.47]} ........... %)

where (Vf); and Ly, are Vf and L,; when
zm reaches the maximum rooting depth zp.

After fully grown, a plant assumably attains
constants (I/f); and Ly, for the values of 1/f

and L,

Based on equation (4) coupled with (6) and
(7) the rooting density profile, which is a
function of depth and time, depends on the
three parameters, tp, Ly, and, (Vf); to be
found for various crops and soil conditions.

Hydrocarbon Transport in the Root-Soil
Zone : In most modeling efforts, hydrocarbon
transport in the vertical unsaturated water flow
zone has been represented by the conventional

advection-dispersion equation:

36.Co _ 3 _ 8,9C,
ot “az[qwc“’ P,

]—Ss-~-~(8)

where C, is the hydrocarbon concentration in
the aqueous phase [ML’], D, is the
hydrodynamic dispersion coefficient [L*T"], Ss
is the net rate of hydrocarbon losses in the
aqueous phase [ML>T"], and 6, and g, are
obtained from the solution of the soil-water
flow equation (2). In this study, mechanisms for
the hydrocarbon losses in the aqueous phase of
the root-soil environment were included. The
proposed processes are: 1) sorption onto a solid
matrix and root surface; 2) uptake into the root
transpiration stream; 3) biodegradation in bulk
soil and the rhizosphere; and 4) mass transfer

between air and water phases. Also:

Ss =Ssd +Srd + Sru +Ssb +Srb +Sa e (9)

where S, is the rate of hydrocarbon sorption

~ onto a solid matrix [ML’T"}, S, is the rate of
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hydrocarbon. partitioning to roots [ML*T"], S,
is the rate of hydrocarbon uptake into the
transpiration stream of the plant [ML*T'], S,

is the rate of hydrocarbon biodegradation in
bulk soil [ML®T'], S, is the rate of

hydrocarbon biodegradation in the rhizosphere
[ML*T"], and S, is the rate of loss of a
hydrocarbon to the soil-air phase [ML>T"].
Hydrocarbon Sorption onto the Solid Matrix
: The rate of hydrocarbon sorption from the
aqueous phase onto the solid surface is

described as

Ssd=%[ps(1_n) Csd:I ............................ (10)

where ps is the mass density of solid matrix
[ML?], and n is the porosity of bulk soil [L’L"],
and Csd is the hydrocarbon mass sorbed onto
solid per unit weight of solid [MM']. It is
anticipated that a plant remediation strategy
would be used solely for low levels of ground
water and soil contamination at a slow rate of
ground water flow in the vadose zone. This
enables the use of a linear isotherm equilibrium
model to simulate the adsorption of the
hydrocarbon to the solid matrix'®. The resulting

expression for Csd is described by the equation

where K, is the distribution coefficient [L’M].

Sorption and Uptake of Hydrocarbons by
Roots: Organic solute absorption by plants from
soil can be regarded as a series of consecutive
partitions of solute between soil particles and
solution, between root and soil solution, and

between the transpiration stream and tissues of

a plant root”. Among the chemical properties,
lipophilicity of the solute has been found to be
the main factor determining partition™ ** .
Paterson and coworkers (1990) compiled a
review of 150 references addressing uptake
mechanisms of 70 organic chemicals from soil
and the atmosphere by 88 species of plants and

trees™. S,,in (9) can be expressed as S, in

(10).

_ 96,C,

Srd at

................................................ (12)

where C,is the organic concentration sorbed
onto root [ML®], o, is the volumetric root
content in soil [L’L?], calculated with radius of

root 1, [L] and rooting density Ld in (4) as:
o A ) AR (13)

For non-ionic organic chemicals, absorbed
organic concentrations in roots are found to
have a linear relationship with the concentration
in external solution at an equilibrium state.
Briggs and coworkers (1982) expressed this

relationship with an empirical equation:

where R, is the root concentration factor of
the plant and is a function of the organic
octanol-water partition coefficient Ko ®
(1983) also

demonstrated the second process in absorption

Briggs and coworkers
of the organic solute by roots, which is the
translocation of solute into shoots, as a linear
function of root water uptake rate for diluted
solutions. This is described using transpiration

stream concentration factor Tscf [-], which was
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first introduced by Shone and Wood (1974)*

where C;; is the organic concentration in the

transpiration stream [ML”]. Ty, which is

independent of concentration in the external
solution and is usually less than unity, is
maximum at an optimum lipophilicity.
Translocation to the shoots was most efficient
for compounds of intermediate polarity. The
uptake rate of organic solute into the
transpiration stream then can be described as a
linear function of the root water uptake rate S,

such that:
Sy =Cls Sy ++svvvsesnssmsessssnssmsssninisisiase s (16)

Although the models of Briggs and coworkers
(1982) were developed for barley, several
subsequent experiment results showed the
validity of the models for a wide range of plant
species and organic chemicals” '®. The models
of Briggs and coworkers have been used by
several modelers for the simulation of organic
solute uptake by roots®™ >

Biodegradation of Hydrocarbons: The vast
majority of microorganisms, bacteria, are within
1 to 2 meters of the vadose zone in which most
biological activity occurs due to its proximity to
vegetation at the ground surface. The bacterial
population, which decreases with increasing
depth, is typically 10° to 10’ cells per gram of
dry sediment in subsurface under natural
conditions'. Biodegradation of a hazardous
organic compound at low levels can be
accomplished in the presence of bacteria by
either one or both of the following metabolisms:

1) cometabolism, biodegradation of a

cometabolite by the same enzymes generated by
micro-organisms to degrade a primary substrate,
and 2) secondary utilization, the metabolism of
a compound in the presence of other substrates
that supply the microorganism's primary growth

needs'™ *

. The utilization of a compound by
either cometabolism or secondary utilization is
known to be inconsequential to biomass growth
. The kinetics of biodegradation for low level
concentrations of hydrocarbons in bulk soil
have been expressed by a modified or original
Monod type expression by a number of

researchers with good prediction of

experimental data'™ ' *%

Most of the bacteria in natural subsurface
have tendency to be attached to solid particles
and form a biofilm. The biofilm, in general, is
fully penetrated by substrates for all reasonable
values of groundwater flow velocity and

substrate utilization®™.

Therefore, the chemical
concentrations in the biofilm can be assumed to
be the same as the average bulk fluid
concentration. This provides an expression for
the rate of utilization of a hydrocarbon at low
levels in a bulk soil, by the use of the Monod
type expression.
ky, X, Cw

= e 17
® 7 K, +Cw a7

where k;, is the maximum substrate utilization
rate in the bulk soil [MM'T'], K,, is the half-
saturation coefficient in the bulk soil [ML?],
and X, is the microbial concentration in the
bulk soil [ML"].

Due to different characteristics, the
rthizosphere, which is the volume of the soil

that surrounds the root tissues, shows different
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influence on the metabolism of soil
contaminants compared to surrounding bulk soil.
Because of abundant root releases as exudates,
lysates, and mucilages (50-100 mg/g of root per
day) and the low microbial maintenance
coefficient (0.03 mg g'd"), there is a rapid
buildup of a biofilm around root surface'”.
Most of the microorganisms, which are 50-100
times as many per unit volume of soil as in the
bulk soil, occur within 50 m of the root surface.
However, some of them are detected as far as 1-
2 mm from the root surface with counts of 10°
bacteria, 10’ actinomycetes, 10° fungi, 10’
protozoa, and 10’ algae per gram of rhizosphere
soil™. If the biomass becomes sufficiently thick,
there may be diffusion resistance within the
biomass and development of nonlinear
concentration profile due to biodegradation in
the biofilm™. When the concentration profile
within the biofilm changes rapidly with respect
to the biofilm thickness, the rate of utilization
of substrates in the biofilm can be described
with a steady state biofilm model. Corapcioglu
(1992) simulated the microbial activity on the
root surface by the use of the biofilm model.
The mass balance for the organic solute
concentration in a unit thickness of biofilm
around root results in a second order, nonlinear

differential equation.

?C,  oC; | kX,C,
o201 a0

rr<r<rr +Lf (18)

or? ror K +C,

weher Dy is the diffusion coefficient within
biofilm [L’T'], C, is the organic solute
concentration in the biofilm [MM™T"], r is the
film depth [L], k; is the maximum substrate

utilization rate in the biofilm [MM'T"], K, is

the half-saturation coefficient in the biofilm
[ML’], X ¢ is the microbial concentration in the
biofilm [ML”], L s is the biofilm thickness [L},

and r, is the radius of root [L]. The equation

was solved with the boundary conditions of
aC
f

r

Cf =CLf atr=r,+Lf and =0 at r=r,

where C;;[ML™! is the substrate concentration at

the interface between the biofilm and aqueous
phases. The substrate flux into the biofilm,
neglecting the diffusion resistance in liquid

phase, is then expressed mathematically as

+L
J=[ 7

i
£+Cy

where J, is the substrate flux into the biofilm
[MLT"]. Multiplying the substrate flux into the
biofilm by rooting density in soil, the rate of
utilization of a hydrocarbon in rhizosphere is

expressed as

In this study, indigenous sources for primary
substrate utilization were assumed to be enough
10 maintain constant microbial concentration in
soil. Since the utilization of secondary substrate
is inconsequential to biomass growth, biomass
yield as well as endogenous decay with the
secondary substrate were not included in the
biodegradation modeling.

Mass Transfer between Water and Gas
Phases: In the shallow depth of unsaturated
subsurface, transport of volatile hydrocarbons as
vapor in the gas phase as well as solute in the
water phase can occur. Interphase mass transfer
of organic occurs by partitioning of the organic

between the gas and water phases. In order to
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account for the gas-water mass exchanges, two
approaches, in general, are used in transport
equations. The first approach is to describe the
partitioning of the organic between phases with
equilibrivm model. This approach presumes that
the organic reaches equilibrium rapidly between
the wvolatilized and dissolved phases at all
locations, then the relationship can be described
by a linear isotherm, which is called Henry's
law. This law states that there is a linear
relationship between the partial pressure of a
gas above the water and the mole fraction of

the gas dissolved in the water as

where P is the partial pressure of gas [atm]
and H is the Henry's constant [atm/mol/m’
water]. Henry's law is obeyed well for sparingly
soluble, reasonably ideal, and nonreactive gases
. The greater the Henry's law constant, the
greater is the rate of volatilization from soil or
water. Under the ideal gas assumptions, one

obtains

where C; is the concentration in gas phase
[mol/m* gas], R, is the ideal gas constant [ = 8.2
atm m’ gas/mol/K], and T is the temperature

——H—, which
T

0

[K]. The dimensionless parameter

is a measure of the preference of a constituent
for the gas or water phase, is defined as the gas-
water par{itioning coefficient by McAulitte
(1971)” and termed as H' in this study. The
partitioning coefficient well represents the

equilibrium relations between mole fractions in

different phases when temperatures and
pressures are moderate and organic solubility in
the water phase are small’”. The advantages of
the equilibrium assumption results in substantial
simplification of the models. In that case, the
rate of loss of a hydrocarbon to gas phase Sq

in (9) is described by the equilibrium model as

_ 96,Cg _ -6, HCw 23)

ot ot

Sw
where H' is the gas-water partitioning
coefficient [-] and &, is the volumetric gas
content [L’L’].

The water may infiltrate at such a fast rate
that aqueous phase concentration may not attain
an equilibrium with gas phase concentration.
The water-gas mass exchanges in nonequilibrium
conditions are described by a kinetic model,
which is the second approach. In the kinetic
model, the rate of mass loss due to gas-water
phase mass transfer is described by a first-order

linear function:

ot

= Qgwkgw Og (H Cyy—Cg )+reverrereeeeees (24)

where agy is the specific interfacial area
between the gas and mobile water [L’L?], kg,
is the mass transfer coefficient [LT"]. Since the
product of these parameters, age and kg is
typically measured by experiments, an effective
mass transfer coefficient Kgw(=agwkew)[T7], is
generally used for the product of agw and kg *°.
The rate of losses of a hydrocarbon to gas
in (9) is described by the

nonequilibrium model as

phase  Suw

Saw=
ot

=K Og (H Cpy—Chg)rovrervreenne (25)
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In. addition to solute transport in aqueous
phase, vapor solute transport subsequent to
mass exchanges between water and gas may
play a significant role in controlling the fate of
volatile contaminant in the unsaturated soil.
Vapor diffusion of the volatile contaminant,
especially in upper soil of the unsaturated zone
may be significant. A general governing
equation for the fate of a component in the gas
phase in the unsaturated soil may be written
using equilibrium approach:

26,C; 3

o gz‘(Dg O Tg

dz

) I (26)

where 1, is the tortuosity for the gas phase_

[LL"] and Dy is diffusion coefficient in the gas
phase [L’T']. The equilibrium relationships
given by (23) are substituted into (26) to obtain
the conservation of mass equation for the

equilibrium model. The equation for the kinetic

maoadel is :
26,C, 9 oC ,
—3t—g=g(pg 6, ¢ —azi+1<gw 6 (H Cw—Cy)

Corapcioglu (1987) termed Dgfgrg as the
effective soil diffusion coefficient for gas phase.

In this study, we assumed immobile gas to be
at atmospheric pressure, and neglected density
gradients for simplicity of model. Water is
assumed to act as the wetting fluid in the
aquifer system, which implies that there is no
direct contacts between the gas and solid phase,
biomass or roots.

While using the equilibrium model for gas-
water mass transfer, the substitution of (10),
(12), (16), (17), (20), and (23) coupled with

(11), (13), (14), (15), and (19) into (9) gives the
mass balance equation for the aqueous phase

hydrocarbon in vegetated unsaturated soils

d [1+ ps(l—n)Kd N ”}LdRcf . H‘(n—ew)cw}

ot 6, 6y Oy
By G,y revveeemeeevernneesseesessessesssssees s senninns (28)
0,9C,
=73 {: wCv = Dy 0z }
r, +L,
ky X, Co XC

T 4~
K,, + C» ! K +C,

T oL waLanv
The conservation of mass equation in aqueous

phase for nonequilibrium mass transfer model is
by substituting (25) instead of (23) into (9).

o[ pmk, | wLR,
e C,-- (29
3 I:1+ o + Y B 29
_ d o 6.,0C,
T oz {qw Cv — Dy oz ]
r, +L/

Ky, +Cu ¢ 7 K tc

- TschWquav - Kg eg(H 'Cw"‘cg)

A set of equations (26) coupled with (28) and
a set of equations (29) coupled with (27),
respectively, constitute governing equations for
the fate and transport of a volatile hydrocarbon
in vegetated unsaturated soils where vapor
solute diffusion occurs with equilibrium and
nonequilibrium mass transfer between water and

gas phases.
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3. SUMMARY

In this study, we developed a one-
dimensional mathematical model to investigate
the effect of the use of vegetation in situ to
decontaminate soils containing a volatile
hydrocarbon. This model needs more
information on microbial behavior such as
microbial transport and microbial population
changes in the root-soil zone, as well as on the
volatilization affects of plants. Changes of
oxygen concentration available for aerobic
biological reactions in the planted soil, which
were assumed to be negligible in this study,
may be significant enough to be considered.
Lateral diffusive transport was not taken into
account in this simulation by assuming large
volumes of contaminated soil, but it may be
great in small veolumes of hydrocarbon-

contaminated soils.

REFERENCES
1. Anderson, T.A. and J.R. Coats,
Bioremediation through rhizosphere

technology, American Chemical
Washington, DC, pp.10~26 (1994).

2. Anderson, T.A.,, E.A. Guthrie, and B.T.
Walton,
Technol., 27 (13), pp.2630~2636 (1993).

3. Bell, R.M., Higher plant accumulation of

soils, U.S.
Environmental Protection Agency, Cincinati,
OH, EPA/600/R ~92/138 (1992).

4. Borg, H. and D.W Grimes, Depth
development of roots with time: An empirical
description, Trans. ASAE., 29, pp.194~197

Society,
Environ. Sci.

Bioremediation,

organic pollutants from

(1986).

5. Bresler, E. and G.J. Hoffman, Imrigation
management for soil salinity control: Theories
and tests, Soil Sci. Soc. Am. 1., 50, pp.1552~
1560 (1986).

6. Briggs, G.G., R.H. Bromilow, A.A. Evans,
and M. Williams, Relationships between
lipophilicity and the distribution of non-
ionised chemicals in barley shoots following
uptake by the roots, Pestic. Sci., 14, pp.492~
500 (1983).

7. Briggs, G.G.,, RH Bromilow, and A.A.
Evans, Relationships between lipophilicity
and root uptake and translocation of non-
ionised chemicals by barley, Pestic. Sci., 13,
pp-495~504 (1982).

8. Corapcioglu, M.Y., Modeling plant uptake
and bioremediation of semi-volatile
hydrocarbon compounds, Wat. Sci. Tech.,
26(7-8), pp.1651~1658 (1992).

9. Corapcioglu, M.Y. and A.L. Baehr, A
compositional multiphase model for
groundwater contamination by petroleum
products 1. Theoretical considerations, Water
Resour. Re., 23 (1), pp.191~200 (1987).10.
Corapcioglu, M. Y., A. Hossain, and M.A.
Hossain, Methanogenic biotransformation of
chlorinated hydrocarbons in ground water, J.
Env. Eng., ASCE, 117, pp.47~65 (1991).

11. Davis, L.C., LE. FErickson, E. Lee, J.F.
Shimp, and J.C. Tracy, Modeling the effect of
plants on the bioremediation of contaminated
soil and ground water, Environ. Prog., 12(1),
pp.67~74 (1993).

12. Domenico, P.A. and F.W. Schwartz,
Physical and Chemical Hydrogeology, John
Wiley & Sons, New York, pp.440~446



52 Eoh) dalraslehEe] ¥¥uisld #¢ 249 A7 101

(1990).

13. Foster, R.C., A.D. Rovira, and T.W. Cock,
Ultrastructure of the Root-Soil Interface, The
American Phytopathological

Minnesota, pp.5~11 (1983).

14. Gerwitz, A. and E.R. Page, An empirical

Society,

mathematical model to describe plant root
systems, J. Appl Ecol, 11, pp.773~781
(1974).

15. Herkelrath, W.N., E[E. Miller, and W.R.
Gardner, Water uptake by plants: 1I. The root
contact model, Soil Sci. Am. ], 41, pp.1039~
1042 (1977).

16. Imhoff, P.T. and P.R. Jaffe, Effect of liquid
distribution on gas-water phase mass transfer
in an unsaturated sand during infiltration, J.
Contam. Hydrol., 16, pp.359~380 (1994).

17. McCarty, P.L, In situ remediation of
contaminated soils and groundwater, Environ.
Biotech., pp.143~162 (1988).

18. McFarlane, C., T. Pfleeger, and J. Fletcher,
Effect, uptake and disposition of nitro-
benzene in several terrestrial plants, Environ.
Toxicol. Chem. 9, pp.513~520 (1990).

19. Matso, K., Mother nature's pump and treat,
Civil Engineering, October, pp.46~—49 (1995).

20. Paterson, S., D. Mackay, D. Tam, and W.Y.
Shiu, Uptake of organic chemicals by plants:
A review of processes, correlations and
models, Chemosphere, 21(3), pp.297~331
(1990).

21. Raats, P.A., Analytical solutions of

simplified flow equation, Trans. ASAE. pp.
683~689 (1976).

22. Rittmann, B.E., The significance of biofilms
in porous media, Water Resour. Res., 29 (7),
pp-2195~2202 (1993).

23. Rittman, B.E. and P.L. McCarty, Model of
steady state biofilm kinetics,
Bioeng., 22, pp.2343~2357 (1980).

24. Semprini, L. and P.L. McCarty, Comparison

Biotechnol.

between model simulations and field resuits
for in-situ Dbiorestoration of chlorinated
aliphatics: Part2. Cometabolic transformations,
Ground Water, 30 (1), pp.37~44 (1992).

25. Shimp, J.F., J.C. Tracy, L.C. Davis, E. Lee,
W. Huang, L.E. Erickson, and J.L. Schnoor,
Beneficial effects of plants in the remediation
of soil and groundwater contaminated with
organic materials, CRC Critical Rev. Env. Sci.
Tech., 23(1), pp.41~77 (1993).

26. Shone, M.G.T. and A.V. Wood, A
comparison of the uptake and translocation of
some organic herbicides and a systematic
fungicide by barley, J. Exp. Bot., 25, pp.390~
400 (1974).

27. Sleep, B.E. and J.F. Sykes, Compositional
simulation of groundwater contamination by
organic compounds. 1. Model development
and verification, Water Resour. Res., 29 (6),
pp-1697~1708 (1993).

28. Tracy, J.C. and M.A. Marino, Solute
movement through root-soil environment, J.
Irr. Drain. Eng., 115, pp.608~625 (1989).



