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A one-dimensional numerical model is developed for simulating the biodegradation and transport of
benzene and toluene in the subsurface environment. Modeled processes include mass exchange
between the constituent phases (solid. liquid, gas, and biomass), advective and dispersive transport,
and biotransformation, as well as microbial biomass production. Two substrates, two electron
acceptors, one trace nutrient, and two microbial populations are modeled. Resulting governing
equations include five nonlinear partial differential equations describing component transport in the
bulk pore fluids, five nonlinear algebraic equations governing interphase mass exchange, and two
ordinary differential equations governing microbial growth. These equations are solved through
application of a Galerkin finite element method and a set iterative solution scheme. The utility and
validity of the modeling approach is explored through comparisons with laboratory column experi-
ments. Model parameters were estimated independently through laboratory batch experiments,
aquifer slurry studies, or from the literature. Simulations are found to provide reasonable agreement
with measurements of benzene and toluene biodegradation in saturated continuous-flow columns
packed with aquifer material. Sensitivity analyses and comparisons with column data suggest that
model predictions are highly dependent upon the microbial parameters, particularly the initial active
biomass concentration, the maximum specific substrate utilization rate, and the half-saturation
coefficient. The importance of the accurate estimation of these microbial parameters is emphasized.

INTRODUCTION

The widespread release of petroleum hydrocarbons in the
environment has led to subsurface contamination by the
toxic and water soluble components such as benzene, tolu-
ene, and xylenes (BTX) [Lee et al., 1988]. These compounds
are highly mobile in subsurface systems, and their occur-
rence in aquifer drinking water supplies has motivated
research into methods for their removal. Several physical,
chemical, and biological methods for subsurface remediation
have been developed, many of which are expensive or
marginally effective [Environmental Engineering Research
Council, 1990]. However, in situ bioremediation, which
involves the use of indigenous microbes for contaminant
biodegradation within the aquifer, is potentially less expen-
sive and more effective. The existence of microbes capable
of degrading BTX compounds has been demonstrated in
laboratory experiments under aerobic [Alvarez and Vogel,
1991; Barker et al., 1987; Lee et al., 1988], denitrifying
[Kuhn et al., 1985, 1988; Major et al., 1988; Zeyer et al.,
1986, 19901, dissimilatory iron-reducing [Lovely and Loner-
gan, 1990], sulfate-reducing [Edwards et al., 1991], and
methanogenic [Grbié-Galié and Vogel, 1987; Vogel and
Grbié-Galié, 1986; Wilson et al., 1986] conditions. These
studies support the notion that indigenous subsurface mi-
crobes may be capable of BTX degradation. Indeed, in situ
bioremediation has been successfully applied to the *‘clean
up”’ of BTX-contaminated aquifers [Battermann and
Werner, 1984; Chiang et al., 1989; Hutchins et al., 1989; Lee
et al., 1988; Thomas et al., 1990; Verheul er al., 1988; Ward
et al., 1989]. The major difficulties in implementation of in
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situ bioremediation of BTX-contaminated aquifers appear to
be related to the delivery of appropriate electron acceptors
(e.g., oxygen), bioavailability of substrate (e.g., hydrocar-
bon), and presence and expression of appropriate microbial
catabolic capabilities. Unfortunately, documented success-
ful remediations have not provided sufficient information to
assess the degree to which each process and parameter
influence the performance of bioremediation.

Since relatively little is known about the degree of infiu-
ence of each process, a conceptually correct predictive
model which incorporates these processes and has been
verified independently could prove invaluable. The present
work is offered as one step toward the attainment of this
goal. Mathematical modeling of in situ bioremediation is
potentially useful in the assessment of the transport and fate
of contaminants, in the optimization and design of cleanup
operations, and in the estimation of the duration of such
restoration operations. Development of a reasonable model
requires quantification of the abiotic processes controlling
the transport and availability of the pollutants and nutrients,
as well as an understanding of the kinetics of biotransforma-
tion and microbial growth and the ecology of active micro-
organisms. In the past few years a number of mathematical
models have been developed that incorporate microbial
growth, the transport of a biodegradable pollutant, and the
biological uptake of inorganic nutrients in groundwater sys-
tems [e.g., Borden and Bedient, 1986; Frind et al., 1990;
Kinzelbach et al., 1991; MacQuarrie et al., 1990; Molz et al.,
1986; Semprini and McCarty, 1989; Sykes et al., 1982;
Widdowson et al., 1988]. Some of these developed models
have not vet been employed in comparisons with indepen-
dent laboratory or field measurements [e.g., Molz er al.,
1986; Widdowson et al., 1988; Kindred and Celia, 1989]. In
other cases, involving model application to contaminated



1834

field sites, microbial kinetic parameters have generally been
obtained by model fitting [e.g., MacQuarrie et al., 1990;
Semprini and McCarty, 1989] or literature estimation [e.g.,
Kinzelbach et al., 1991; Frind et al., 1990]. A major contri-
bution of the work presented herein is that model formula-
tion, parameter estimation, and model predictions are inde-
pendent of the measurements used to evaluate model
applicability.

The first part of this paper describes the development and
mathematical verification of a one-dimensional numerical
simulator which models the subsurface transport and bio-
degradation of benzene and toluene. These two compounds
are assumed to act as primary substrates and are treated
separately in the model because of their different human
toxicity, sorption [Zuane, 1990], and biodegradability char-
acteristics. The developed model is based upon a microcol-
ony microbial growth concept [Molz et al., 1986; Widdowson
er al., 1988] and incorporates component gas phase diffusion
and liquid-gas mass exchange. Two electron acceptors,
oxygen and nitrate, are considered. The second part of the
paper briefly describes the methods employed to estimate
model parameters. Model validation is sought through com-
parisons of model predictions with laboratory data obtained
from saturated, continuous-flow, column experiments. Fur-
ther insight into system behavior is gained in the final section
which explores model prediction sensitivity to parameters
for the experiments under investigation.

MobpEL DEVELOPMENT

Component Mass Balance Equations
in the Bulk Fluid Phases

A general macroscopic equation governing the transport
of a component i in phase « in a porous medium may be
written as [Abriola, 1989]:
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where

p“ mass density of phase a;

volume fraction of phase a;

wf mass fraction of component { in phase a;

v? mass average velocity of phase «;

hydrodynamic dispersion coefficient with respect to
phase «;

internal source/sink of component / in phase «;
external mass supply of component i to the « phase
due to interphase exchange.

The first term in (1) is the accumulation of component i in
phase a. The second and third terms represent the advective
and nonadvective fluxes of component i/ in phase a. The
nonadvective flux is here assumed to be of Fickian form. The
fourth term describes the mass exchange of component /
between the constituent phases. For the system under con-
sideration the last term accounts for the sink/source of
component { due to microbial activity. Equation (1) is
constrained by the following relations:
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The model developed in this work is intended to describe
biodegradation of the dissolved hydrocarbon plume. A mul-
tiphase description of transport is employed, however, be-
cause most petroleum hydrocarbons (e.g., benzene and
toluene) are less dense than water and tend to be distributed
in dissolved form near and above the water table and the
capillary fringe zone. Thus unsaturated zone processes, such
as oxygen and vapor diffusion, might play a significant role in
controlling the biotransformation of these compounds and
should be incorporated in any general model. Thus, for the
unsaturated/saturated soil system, three phases are consid-
ered (e = w(water), g(gas), or s(soil)). In the water phase
the external mass supply of component i(E;") includes the
mass exchange between liquid/gas phases (volatilization
E*?) and liquid/soil phases (sorption E;**), such that E =
Er + EP*.

A number of assumptions may be employed to simplify the
system of equations (1). In this work the air phase is
assumed immobile, that is, the gas phase is assumed to be at
atmospheric pressure and density gradients are neglected,
resulting in v? = 0. Since the model is primarily applied to
the saturated zone and to the unsaturated zone in the
immediate vicinity of the water table where the relative
humidity is high, water is assumed to act as the wetting fluid
in the aquifer system. This implies that no direct contact will
occur between the gas and solid phases or gas and biomass.
Thus it is assumed that no sorption occurs between the gas
and solid phases (i.e., Ef* = 0 and Ef = E?") and that
contaminants in the vapor phase are not available to the
microorganisms (i.e., G;; = (). The suitability of the water-
wet matrix assumption is supported by its use in numerous
unsaturated zone transport models (see, for example, van
Genuchten and Jury [1987]), and recent vapor phase sorp-
tion studies (see, for example, Chiou and Shoup [1985]). The
external mass supply of component i in the soil phase is
assumed to result from sorption/desorption (i.e., Ef =
E?™). In addition, it is assumed that no other chemical
reactions occur in the soil phase (i.e., G; = 0).

Given the previous assumptions, a component mass bal-
ance equation for bulk fluid phase transport may be obtained
by summing equation (1) over all the phases and employing
the constitutive constraint (4):
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where p = p“&, is soil bulk density. Equation (5) incorpo-
rates a local equilibrium relationship, Henry’s law (! =
Kpiw;”, where K g; is the partitioning coefficient of com-
ponent i between the liquid and gas phases), to describe the
gas/liquid partitioning of oxygen and organic components for
a dilute aqueous system. Here the liquid/solid phase parti-
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tioning process is treated as a linear equilibrium process
(i.e., wf = Kpip" o, where Kp; is the “distribution
coefficient’” for component i between solid and liquid phas-
es). The assumption of linear sorption is commonly used for
dilute solutions in sandy soils of low organic content and was
judged appropriate for the present application. It should be
noted, however, that sorption behavior in many natural
aquifer systems may be nonlinear [Weber et al., 1991].

In general, two approaches for representing the microbial
activity (the G} term) in the transport equation could be
used. The first approach is to incorporate the microbial
consumption of component i, which follows a given micro-
bial kinetics, as a “‘macroscopic’ sink term in the transport
equation. This approach presumes that bacterial growth is
limited by the bulk concentration of component i (i.e.,
microbial consumption rate is a function of bulk component
concentration). To date, most biodegradation models have
employed this assumption [e.g.. Borden and Bedient, 1986;
Corapcioglu et al., 1991; Frind et al.. 1990; Kindred and
Celia, 1989; MacQuarrie et al., 1990; Sykes et al., 1982]. The
second approach, adopted in our model, recognizes that
contaminant biodegradation in the subsurface environment
may be limited by diffusional transport into the biophase

[e.g., Bouwer and Cobb, 1987; Molz et al.. 1986; Widdowson

et al., 1988: Kinzelbach er al., 1991]. Component transport
to the biophase, a microscopic process, is assumed herein to
take place through a liquid film layer adjacent to the bio-
mass. This process is incorporated in the transport equation
by employing Fick’s first law to represent G;".

Several studies have shown that most of the attached soil
bacteria in subsurface environments tend to aggregate in
colonies of 10 to 100 cells [Gray et al., 1968; Campbell, 1977;
Bryers, 1988; Harvey et al., 1984, 1989]. Biomass is there-
fore assumed to be present in the form of attached micro-
colonies [Molz et al., 1986]. It is further assumed that these
microcolonies behave as fully penetrated biofilms [Riffmann
and McCarty, 1980] due to their small thickness. Potential
microbial transport mechanisms, such as deposition, declog-
ging, or chemotaxis motion, have not been incorporated in
the present model, due to the inadequacy of information
regarding these mechanisms and their importance. Thus the
modeling focus is on the consumption of benzene and
toluene by attached indigenous microorganisms.

Equation (5) may now be written as

d ?
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where

k; ~mass transfer coefficient of component i across the

boundary layer;

total biomass concentration;

biomass of one microcolony;

A,_ contact area of one microcolony for the mass
diffusion process;

C, concentration of component i with the biophase.

K
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Note that the right-hand side of (6), which describes mass
transfer across the boundary layer, incorporates two micro-
scopic parameters, A, and m_.. An alternative modeling
approach would be to lump the mass transfer coefficient and
microbial geometry into some effective macroscopic param-
eter [Baveye and Valocchi, 1989]. The first approach is
chosen in this work because independent estimates of the
mass transfer coefficient are sought.

Equation (6) may be written for each system component.
In the present study, five components are considered: two
primary substrates, benzene (B) and toluene (7); two poten-
tial electron acceptors, oxygen (o) and nitrate (n); and one
limiting nutrient (A). Most previous models have incorpo-
rated microbial kinetics to describe microbial consumption.
This is the approach adopted in the present study. Some
investigators have proposed that under circumstances in
which the biodegradation rate is faster than the bulk advec-
tive transport in the aquifer material, the biodegradation of
that organic compound may be treated as ““instantaneous.™
Its degradation may then be computed from a stoichiometric
reaction, and no microbial kinetic parameters need be em-
ployed [Borden and Bedient, 1986; Rifai and Bedient, 1987;
Rifai et al., 1988]. Although microbial degradation of BTXis
relatively fast, a more complete kinetic representation was
deemed appropriate for model-laboratory comparisons in the
present work. This point is discussed more fully in the
sensitivity analysis portion of this paper.

Biodegradation Kinetics

Laboratory experiments with the natural aquifer materials
employed in this study revealed that benzene and toluene
were degraded as primary substrates under aerobic condi-
tions by a mixed population of indigenous microorganisms
[Alvarez et al., 1991]. Other laboratory evidence supports
the existence of separate benzene and toluene degraders in
this population [Alvarez and Vogel, 1991]. Furthermore,
xylene was not degraded within the duration of the column
experiments described in this paper. For modeling purposes
this mixed microbial community is treated as two popula-
tions. One species is assumed to be a benzene (B) degrader
and the other a toluene (7) degrader. In addition, only
toluene was observed to degrade under denitrifying condi-
tions in the laboratory. For this reason the toluene degrader
is assumed to be capable of employing nitrate as an alterna-
tive electron acceptor. Dissimilatory denitrification has been
shown to be regulated by an oxygen threshold concentration
[Coyne and Tiedje, 1990]. Therefore the model includes a
nitrate utilization inhibitory function for the toluene de-
grader that is related to oxygen concentration. Incorporation
of Monod-type microbial kinetics [Williamson and McCarty,
1976] yields the following set of equations which govern
biophase utilization of substrates, electron acceptors, and
any other limiting nutrients:

AXm . w
i [p"w; - (o]
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= E k; (C,)X;
F Ks + Ci|\K,, + C;j Ky, +Cy

(7)
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ie{T, B}
j€{o, n}
kj' maximum specific substrate utilization rate of
component i under j-based respiration;
K, half-saturation coefficient of substrate i under j-
based respiration;
K,,u_ half-saturation coefficient of electron acceptor j for
degrader i;
half-saturation coefficient of the limiting component
A under j-based respiration for degrader i;
E} electron acceptor use coefficient of degrader i under
Jj-based respiration;
F ; limiting nutrient use coefficient with respect to
substrate i under j-based respiration;
X; biomass concentration of degrader i;
C, concentration of any other limiting component in the
system.

A hyperbolic oxygen inhibition function [Stryer, 1988] has
been employed:

o%(c,)=1-1(C,) j=0

mnic,)=1(c, j=n
where I°(C,) =
coefficient.

Note that the above equations assume a quasi-steady
profile across the liquid film and a uniform concentration
profile (i.e., a fully penetrated biofilm or a quasi-steady
consumption of the available substrate) within the biophase
at each transport time step.

The system of governing equations is completed with the
ordinary differential equations describing the growth and
decay of the attached biomass populations:

C;
Z 5 .C
(=< 2 i) -k Ax,  (10)
K, +C;J\Ks_ +Cy4 U B

ie{T, B}

KiK. + C,) and K! is the inhibition

Jj€{o, n}
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where Y/ is the yield coefficient of bacteria i under j-based
respiration, and kd is the decay coefficient of bacteria i
under j-based resplrauon

The model assumes that the number of microcolonies
increases with biomass growth but that the size of colonies
remains constant. For natural oligotrophic subsurface envi-
ronments and bacteria using relatively low concentrations of
xenobiotics as primary substrates, the accumulation of bio-
mass is assumed not to exceed ths amount where the
quasi-steady consumption assumption is valid. Within the
model, under zero substrate conditions, the microbes are not
permitted to die off completely, but are maintained at a
minimum biomass concentration level.

In summary, five nonlinear partial differential equations of
the form (6) are used to describe the component transport/
transformation in the bulk fluid phase; five nonlinear alge-
braic equations (two of the form (7), two of the form (8), and
one of the form (9)) are used to describe component utiliza-
tion in the biophase; and two ordinary differential equations
of the form (10) are used to describe the biomass growth and
decay of the two microorganism populations.

ONE-DIMENSIONAL SIMULATOR

To assess the applicabiliny of the mathematical model to
biodegradation in a column reactor, a one-dimensional sim-
ulator was developed on the basis of the governing equations
described above. In the one-dimensional simulator the trans-
port equation (6) is discretized in space through application
of a standard Galerkin finite element method. Nodal vari-
ables w/”, C;, and X,, are approximated using linear trial
functions. Coefficients p* *=, p,, Df, &;, Kp;, Ky, V©,
A_, and m, are assumed to be elementwise constant. A
variably weighted finite difference operator is employed for
time discretization. Since a number of alternative discreti-
zations of the sink term in (6) are possible, Appendix A
contains the explicit form used in the model.

Equation (6) is nonlinear, due to the implicit dependence
of C; and X,, on the bulk phase mass fractions (through
equations (7)-(10)). Five discretized transport equations are
incorporated in the simulator. These equations are implicitly
coupled through the variables C; and X,, but are solved
sequentially using a Picard iterative procedure. Following
solution of the transport equations, the five nonlinear alge-
braic equations representing component uptake in the
biophase are solved using a Newton-Raphson iterative
scheme. Finally, biomass concentration is obtained by solu-
tion of the growth equations. To maintain consistency with
the transport equations, these two ordinary differential equa-
tions are discretized by expanding variables in terms of the
trial functions and applying a variably weighted finite differ-
ence operator in time (see Appendix B). Initial conditions for
C; in the biophase are obtained through solution of the
component uptake equations (7)—(9). After all unknowns are
determined at the new time level the transport equations are
again solved. Thus the solution algorithm is implicit in that
the current time level (previous iterate) values of C; and X,
are employed in the solution of the bulk phase transport
equations. Iterations continue within each time step until the
following convergence criterion is satisfied:

Hei}ye1 = {0 ]l-
i} gl

<£ (11)
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for each component. Here the subscripts 7 and 7 + 1
represent the old and new iteration levels, respectively. A
value of 10~* for £ was used for all presented simulations.
The simulator can accommodate first-, second-, or third-type
boundary conditions on the component mass fractions in the
bulk phase.

In order to limit numerical dispersion in the simulations
the nodal spacing Az and temporal spacing Ar were deter-
mined using grid Peclet number, Pe = vAz/D = 2, and
Courant number, Cr = vAt/Az < 1, criteria [Huyakorn and
Pinder, 1983). All solutions presented herein were also
tested heuristically for convergence by varying time step
size and grid spacing.

The one-dimensional simulator was initially verified
through comparison with the Ogata and Banks [1961] solu-
tion for solute transport under steady state flow conditions in
a homogeneous water-saturated soil-packed column. The
model was further tested by comparison to solutions ob-
tained in other biotransformation modeling studies. Figure 1
shows a simulation comparison with an example presented
by Molz et al. [1986]. The model of Molz et al. is based on
the microcolony concept and considers a single microbial
population and a single substrate. It employs an Eulerian-
Lagrangian solution scheme. The example simulation illus-
trates single-substrate hydrocarbon biodegradation under
oxygen-limiting conditions (Figure 8 of Molz et al. [1986]).
The parameters and assumed boundary and initial conditions
used in the comparison are shown in Table 1 [Molz et al.,
1986, p. 1212]. For this comparison the present simulator
was modified to employ the time weighting scheme used by
Molz et al., and the number of governing equations was
reduced. In Figure 1 the discrete symbols represent the Molz
et al. solution. The solid curves show model simulations
from the present study. Reasonable agreement was obtained
for all simulation times.

EXPERIMENTAL METHODOLOGY

Once mathematical verification of the simulator was com-
pleted, an experimental study was undertaken to provide
information for conceptual model validation. As a first step,
the experiments were designed to investigate biodegradation
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TABLE 1. Parameters Used in Model Verification
Parameter Value
Physicochemical Parameters

Porosity n 0.30
Pore velocity v, md ™! 0.25
Soil bulk density pb, g cm ™ 1.67
Dispersivity a, cm 0.50
Liquid film diffusion coefficient

Dy, cm>d”! 0.06

Dy, cm>d ! 0.71
Retardation factor Ra

substrate 1.12

oxygen 1.00
Liquid film thickness 8, cm 0.05
Mass transfer coefficient x; = Dj/8

ks, cmd™! 1.2

xp,cmd ! 14.2

Microbial Parameters

Initial biomass, cell (g soil) ™! 108
Colony population density, cells per colony 100
Colony mass m_., g per colony 10-°
Maximum specific substrate utilization rate k&, L d~' 15.61
Yield coefficient Y, g cell per g substrate 0.278
Colony contact area A, m” 7.85 x 1071

Oxygen use coefficient E, mg O, (mg §)! 1.4

Substrate half-saturation coefficient X, mg L™ 120.0
Oxygen half-saturation coefficient K,, mg L™" 0.77
Dacay coefficient k , L d ™! 0.02

in continuous flow, water saturated, soil columns. To facil-
itate model-experimental comparisons, efforts were made to
measure or quantify all required model parameters indepen-
dently. Sandy aquifer material from a site underlying a gas
plant facility in Kalkaska, Michigan, was employed in all
experiments. This material has a low organic carbon content
(0.01-0.08%) [Chiang et al., 1989]. The aquifer core material
was sampled aseptically from the shallow sandy aquifer
using plastic coring tubes. These samples contained no
detectable levels of BTX, although the aquifer had been
contaminated at a level of approximately 200 ug L' total
BTX [Chiang et al., 1989]. Filled sample tubes were sealed
and transported to the laboratory, where they were stored at
4°C until used.

Parameter Measurement

Monod coefficients (the maximum specific substrate utili-
zation rate k and the half-saturation coefficient K, ), the yield
coefficient (¥), and the initial soil microbial population were
measured from aquifer slurry experiments. For the measure-
ment of Monod coefficients, benzene and toluene were
added concurrently as the sole carbon sources to 120-mL
serum bottles containing 16 g of aquifer material (10 mL bulk
volume) and 50 mL of a minimal mineral medium. The
medium provided essential inorganic nutrients to the indig-
enous aquifer microbes. Samples containing the following
initial concentrations of both benzene and toluene were
prepared: 1, 10, 50, 100, and 250 mg/L~'. Removal rates
were measured over this wide range of concentrations in
order to encompass the transition from first- to zero-order
kinetics with respect to substrate concentration utilization.
Measurements were performed in duplicate. Each slurry
experiment was used to obtain an initial specific substrate
utilization rate measurement (i.e., the measured initial deg-
radation rate divided by the microbial concentration) corre-
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sponding to an initial substrate concentration. This initial
utilization rate, in turn, yielded a point in the Hanes linear-
ization [Dowd and Riggs, 1965; Grady and Lim, 1980]. The
k and K, were calculated on the basis of the slope and
intercept of the Hanes linearization. The yield coefficient
was estimated by measuring the increase in microbial num-
ber as a result of benzene and toluene biodegradation in the
batches. The initial aquifer microbial population was esti-
mated by a direct microbial count method, the acridine
orange direct count (ADOC) procedure. Further details of
the analytical techniques and experimental procedures used
in this study are given by Alvarez et al. [1991] and Alvarez
and Vogel [1991].

Adsorption isotherm experiments for the aquifer materials
were conducted using completely mixed batch reactors (the
bottle-point technique) [Randtke and Snoeyink, 1983]. Soil
samples from the Kalkaska aquifer were sterilized by auto-
claving and sodium azide addition. A fixed weight of aquifer
material and various initial solution concentrations of ben-
zene and toluene were combined in a series of batch reac-
tors. After 2 weeks of mechanical shaking, samples were
centrifuged and analyzed to calculate the disappearance of
solutes. Plots of sorbed phase versus aqueous phase concen-
tration yielded estimates for the partition coefficients. To
explore the hydraulic effect on adsorption isotherms, parti-
tioning coefficients were also obtained from short-bed con-
tinuous flow reactors packed with aquifer material [Smith
and Weber, 1989]. Note that sorption studies were con-
ducted on aquifer material obtained from the same contam-
inated site but from a different sample core than that
employed in the microbial studies.

Continuous-Flow Columns

Two pairs of sterile glass columns (56 cm long, 2.2 cm
inner diameter, and narrowed on the bottom) equipped with
six sampling ports were used in the experiments [Anid and
Vogel, 1990]. Both ends of the columns and the sampling
ports were sealed with Teflon tape and closed with rubber
stoppers. The aquifer material was filled according to a
method described by Siegrist and McCarry [1987]. Tracer
(bromide) studies were first conducted in all the columns to
characterize transport properties [Anid and Vogel, 1990].
On the basis of these measurements the average porosity for
all the columns was estimated at 0.38, the average pore
velocity at 0.33 md !, and the dispersivity at 2.24 cm. These
parameters were estimated by fitting tracer breakthrough
concentrations to a solution of the advective-dispersive
transport equation [van Genuchten and Parker, 1984].

Biodegradation experiments were begun by feeding a
constant composition solution to the columns. One pair of
columns received hydrogen peroxide as an electron accep-
tor, a second pair received nitrate. Two control columns that
had been autoclaved for 4 hours at 120°C received hydrogen
peroxide, nitrate, oxygen, and sodium azide, which was
added to inhibit microbial activity. All columns were fed a
mixture of benzene, toluene, and xylenes at a concentration
of 20 mg L' each. These were added along with the
electron acceptors and a sterile basal media to provide
inorganic nutrients essential for microbial growth. Each
column was fed at a flow rate of 2 mL h ™' using a Harvard
syringe infusion pump 22 equipped with a 50 mL gastight
syringe (Hamilton Company, Reno, Nevada). Effluent sam-
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ples (0.5 mL) from a switching valve located on the steel
tubing connected to the effluent end of the column were
collected with gastight syringes and were analyzed for
concentrations of benzene, toluene, and Xylenes by a HP
5890 gas chromatograph (GC). Dissolved oxygen was also
measured with a biological oxygen monitor YSI 530 after 32
days. Experimental procedures for the column experiments
are described in more detail by Anid and Vogel [1990].

MobpeL CoMPARISONS TO LABORATORY EXPERIMENTS

The mathematical model presented in this paper was used
to predict the performance of the saturated aquifer column
experiments. Two simulation cases were considered corre-
sponding to the previously described column experiments
involving (1) hydrogen peroxide addition and (2) nitrate
addition. The required physicochemical parameters and mi-
crobial parameters used in the mathematical model are
summarized in Table 2. The numerical parameters and
boundary and initial conditions are given in Table 3. Note
that, under the column experimental conditions described
above, only a single fluid (aqueous) phase was present, and
there were no nutrient limitations. Thus, for model simula-
tions, the gas phase volume fraction was set to zero (g, = 0)
in transport equations (6), and solution of (9) was not
required.

Values for porosity, pore velocity, and dispersivity ob-
tained from the bromide tracer data are tabulated in Table 2.
Partitioning coefficients evaluated from the batch sorption
studies are also listed. The hydrodynamic dispersion coeffi-
cient D is expressed as D" = a|v"¥| + D/ [Freeze and
Cherry, 1979], where « is the longitudinal dispersivity, v" is
the pore velocity in the column, and D" is the effective
molecular diffusivity of component i in the aqueous phase.
D[ values were estimated using a literature correlation
[Wilke and Chang, 1955]. The film mass transfer coefficient
k; was estimated by the Wilson and Geankoplis [1966]
correlation:

k; = 1.090"Re "3§5¢c % (12)

where Re is the Reynolds number (Re = d,&,v"p"/pn,,; d,
is the soil particle diameter) and Sc is the Schmidt number
(Sc = v/D7; vis the kinematic viscosity). This correlation is
valid for 0.0016 < Re < 55 and 0.35 < ¢, < 0.75.

The Monod coefficients (k and K,) and the yield coeffi-
cient obtained from the aquifer slurry studies are also shown
in Table 2. The initial total biomass concentration (1.64 mg
active cell L soil) ™' was calculated from the microbial soil
population density (10° cells (g soil) ™') by assuming a cell
size of 1 pm?, a microbial density of 1.0 g cm™>, and a
measured soil bulk density of 1.64 g cm ~*. Initially, the total
biomass population was assumed to be composed of equal
numbers of benzene and toluene degraders. A typical oxy-
gen half-saturation coefficient, K, [Longmuir, 1954] and
decay coefficient for aerobic respiration, k; [Lawrence and
McCarty, 1970] were obtained from the literature. Based
upon the assumption that the substrates were completely
transformed into water, carbon dioxide, and biomass, the
oxygen use coefficients E. were calculated as 2.19 and 2.15
for toluene and benzene, respectively.

To model the column experiments, constant component
mass fractions for all the components i; [(w{)q, { € {T, B,
o, n}], were assumed as initial conditions within the column.
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TABLE 2. Parameters Used in Model Simulations

Parameter Value
% Physicochemical Parameters

Pump flow rate Q(M), mL h 2
Porosity n(M) 0.38
Pore velocity v(M), md ™ 0.33
Soil bulk density pb(M), g cm > 1.64
Dispersivity a{M), cm 224
Molecular diffusivity D*(L) !

T.m*d™! 7.34 x 10

B, m2d™! 8.24 x 1073

0, m>d"! 1.86 x 10~*

n,m*d! 1.39 x 107*
Partitioning coefficient kd(M)

T,cm®g™! 0.139

B,cm’® g7} 0.093

0, cm’ g™! 0.0

n,cm” g~ 0.0
Mass transfer coefficient x;(L)

T,md™! 6.38 x 107!

B,md™! 6.89 x 107!

O, md”! 1.19 x 107!

n.md 9.78 x 107!

Microbial Parameters

Initial biomass (M), cell (g soil) ! 108
Colony population density (L), cells per colony 100
Oxygen use coefficient

EXC), mg O, (mg T)™! 2.19

E£(C), mg O, (mg B) ™' 2.15
Nitrate use coefficient F4(C), mg NO; (mg T)™! 3.39
Maximum specific substrate utilization rate

KiM), d™! 9.9

ki), d7! 9.9

k2M), d7! 8.3
Yield coefficient

YiM), geell @)} 0.5

Yi(M), geell @' 0.5

YE(M), g cell @B)™' 0.5
Colony mass m.(C), g per colony 10°1°
Contact area of one colony A (L), m? per colony 1.19 x 1071°
Half-velocity constant of toluene

K.toM), ngL~! 17.4

K. tn(M), mg L™! 17.4
Half-velocity constant of benzene K,bo(M), mg L™! 122
Half-velocity constant of oxygen

K,to(L), mg L™! 0.1

K,bo(L), mg L' 0.1
Half-velocity constant of nitrate Ks,,(L), d ! 2.6
Decay coefficient

kai(L),d”! 0.1

ky i(L). dz! 0.1

kd’n (L)' d_] 0.1

M, measured; L, literature; C, calculated.

A constant composition influent was continuously injected
into the column during the experiments. This was modeled
as a third- or flux-type boundary condition at z = 0. A zero
concentration gradient (second type) boundary condition
was employed at the outlet (see Table 3).

Hydrogen Peroxide-Amended Column

The first simulation case involved the prediction of the
effluent breakthrough curves of benzene and toluene under
sufficient oxygen conditions. Substrate (B and T) effluent
breakthrough data and uncalibrated model predictions are
shown in Figures 2a and 2b. The model simulation for the
toluene breakthrough curve is in reasonably close agreement

with the laboratory data. Unlike the toluene breakthrough
curve, the benzene prediction does not match the laboratory
data. The predicted peak of the normalized concentration is
lower, and the predicted breakthrough curve is more nar-
row. However, the predicted trends are similar to the

- laboratory data. A model sensitivity analysis revealed that

breakthrough curves were sensitive to the initial active
biomass of benzene and toluene degraders. Unfortunately,
benzene and toluene degraders could not be differentiated
with the ADOC procedure used in this study. Moreover, this
procedure can only really give order of magnitude estimates
of biomass [Alvarez et al., 1991]. Thus the initial distribution
of biomass between benzene and toluene degraders is known
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with less certainty than the other measured parameters. On
the basis of this reasoning the initial biomass distribution
was adjusted, within the range of experimental uncertainty,
to produce a better model fit. When the benzene degrader
population was reduced to 25% of its initial value, model
predictions improved, as shown in Figures 2a and 2b. The
model simulation of the benzene breakthrough curve now
provides a better match with the laboratory data, while the
model simulation of the toluene breakthrough curve is not
significantly affected. This adjusted biomass distribution (X1
=0.81 mgL""and Xz = 0.21 mg L") was employed in all
subsequent model simulations.

Nitrate-Amended Column

A simulation of column operation with nitrate addition
was compared with actual column laboratory data. This
laboratory column was fed with a solution containing oxygen
at 8.5 mg L™}, a concentration insufficient for complete
mineralization of benzene and toluene, and nitrate at 330 mg
L' a concentration sufficient for complete mineralization of
benzene and toluene (effluent nitrate levels never dropped
below 30 mg L ~"). The model kinetic parameters (%, Ks, ¥,
kd) for toluene under nitrate-based respiration in the column
reactor were assumed the same as those under aerobic
respiration [Alvarez et al., 1991; Evans et al., 1991]. Batch
experiments revealed that, unlike toluene, benzene degrada-
tion under oxygen limiting conditions was not enhanced by
the addition of nitrate. Similar results regarding the recalci-
trance of benzene under denitrifying conditions has been
reported by several researchers [Anid and Vogel, 1990;
Evans et al., 1991; Kuhn et al., 1988; Hutchins et al., 1989].
Thus the specific substrate utilization rate of benzene by
nitrate oxidation was set to zero for model simulations. The
inhibition coefficient for toluene degradation by nitrate oxi-
dation due to the presence of molecular oxygen was esti-
mated as 0.01 mg L™ of O,, which represents the value
where the denitrification rate is reduced to 50% of its
maximum rate [Parkin and Tiedje, 1984].

After long times, toluene was completely degraded within
the column, while the benzene concentration level was
reduced by only about 25%, due to the inability of benzene

TABLE 3. Initial and Boundary Conditions Used in Model
Simulations
H,0,-Amended Case NO; -Amended Case
Az 0.014 cm 0.014 cm
Ar 0.01 day 0.01 day
Initial Conditions
(0, z) 0.0mgL~! 0.0mgL~!
w0, 2) 0.0mg L~} 0.0mgL™!
wZ(0, 2) 8.5mgL™! 85mgL™!
@r(0, 2) 0.0mgL™! 0.0mg L~}
Boundary Conditions
@*(t, z=07) 20.0 mg L} 200 mg L™!
wf(t,z=07) 20.0mg L™} 200 mg L~}
wf(t,z=07) 132.7mg L™} 85mgL™!
wf(t,z=07) 0.0mg L~! 330.0 mg L7}

Initial conditions, t = 0, o/ = w;*(0, z); boundary conditions, ¢
>0,z=0, V¥uP|z = 0~ = (V*w® — DFala.of)|z = 0%,
=0,z =356cm, do,w = 0.
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Fig. 2. Comparison of model simulations and measured effiuent

concentrations under aerobic conditions (a) toluene and (b) ben-
zene (solid curve, initial biomass: X and X+ = 0.82 mg/L; dotted
curve, adjusted biomass: Xz = 0.21 mg/L and X7 = 0.82 mg/L).

degraders to employ nitrate as an alternative electron accep-
tor (Figures 3a and 35). Here, as in the aerobic case, model
predictions of toluene effluent concentrations are in reason-
able agreement with the experimental data. The initial ben-
zene breakthrough behavior and the long-term pseudo
steady state benzene effluent concentration are also pre-
dicted by the model. Benzene biodegradation during inter-
mediate times, however, is not accurately simulated. The
benzene breakthrough profile exhibits a local minimum at
about 6 days. The increase in the benzene effluent concen-
tration appears to correspond to the point of complete
utilization of toluene. Possible explanations for this behavior
include the following: (1) the assumed independence of
benzene and toluene degradation in the model may not be
appropriate under oxygen limiting conditions, (2) an incom-
plete mineralization of substrates occurred, that is, some of
the benzene was transformed to intermediates, which re-
sulted in a smaller oxygen use coefficient than that employed
in the model, or (3) the kinetic constant employed for
benzene in the presence of nitrate may not be appropriate.
Further experimental measurements will be undertaken to
choose from among these alternatives.

The laboratory experiments demonstrated that benzene
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and toluene degradation occurred continuously in the pres-
ence of oxygen and nitrate and that nitrate was utilized as an
electron acceptor. This suggests that using nitrate as an
adjunct electron acceptor in the application of in situ biore-
mediation at a benzene and toluene contaminated site might
reduce the total oxygen demand or the required amount of
hydrogen peroxide.

PARAMETER SENSITIVITY

Subsequent to simulation of the column experiments, the
specific parameters used in modeling the microbiological and
physicochemical fate of benzene and toluene were varied to
explore their influence on the predicted breakthrough con-
centration profile. This analysis served two purposes: to
investigate model sensitivity to these parameters and to
explore the influence of parameter measurement error or
system variability on the predicted outcome of bioremedia-
tion applications. The one-dimensional simulation of the
hydrogen peroxide-amended aquifer column experiments
presented in Figure 2 served as the base scenario for this
sensitivity analysis. Simulation parameters for this base
scenario are given in Table 2. All computations were per-
formed with the adjusted initial active biomass concentra-
tion. Table 4 summarizes the ranges of parameter values that
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Fig. 3. Comparison of model simulations and measured effluent
concentrations for nitrate-amended column for (a) toluene and ()
benzene.
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TABLE 4. Range of Parameters Used in Analysis of Sensitivity

Low Base High

Parameter Value Value Value

kb, d~! 0.1 9.9 11.0%
kZ da-! 0.04 8.3 8.3

K!,mgL™! 0.044% 17.4 38.0%

K., mgL™! 12.2 12.2 34.0%
Y:, Y2, mg cell per mg 0.4 0.5 0.6

subsirate

kbow k5, d7! 0.01§ 0.1 0.2§

Xy, mg L7! 0.21 0.21 0.82
Rai 1.6/l 1.6 2.1
Ra’ 1.4] 1.4 1.6]

*Button [1985].

tRoberston and Button [1987].

tGoldsmith and Balderson [1988].
§Lawrence and McCarty [1970].

|[H. Corseuil (personal communication, 1991).

were employed in model sensitivity simulations. Ranges
were obtained from a literature survey, because measured
values for these parameters are often unavailable for specific
applications. These parameters included the microbial pa-
rameters: the Monod constants, the yield coefficient, and the
cell decay coefficient. In contrast, the retardation factor Ra
was varied only over the range of values obtained from
experimental measurements with aquifer material. The mass
transfer coefficient for the liquid boundary layer was varied
over a range of values computed from several correlation
expressions [Wilson and Geankopolis, 1966; Williamson et
al., 1963; Friedlander, 1957]. A summary and discussion of
the results of this sensitivity analysis is given below.

The maximum specific substrate utilization rate k controls
the maximum rate of B and T degradation. In Table 4 the
lower values of k for benzene/toluene were obtained from
kinetic studies with microbial populations derived from the
same contamination site [Alvarez et al., 1991]. These studies
were conducted on two pure cultures. The toluene degrader
was isolated from an on-site activated carbon groundwater
treatment system [Kukor and Olsen, 1989]. The benzene
degrader was isolated from the contaminated aquifer mate-
rial. Employing these data, the model predicts a superior
performance of the mixed culture over that of the pure
culture (Figure 4). If a similar column study were conducted
using pure culture isolates, the model predicts that only 1%
of the influent toluene would be degraded. The value for &
derived from the aquifer slurry studies with toluene (9.9d ")
is fairly close to the highest reported value of 11.1 d!
[Button, 1985], and model simulations using these two values
are in close agreement. Predictions for benzene concentra-
tions using high and low k estimates exhibited trends similar
to those for toluene.

An examination of the Monod expression, dC/dt = —k[C/
(K, + O)1X,,, reveals that when the concentrations of
benzene and toluene are substantially below the correspond-
ing half-saturation coefficient K, biodegradation rates will
depend on the maximum rate coefficient and the substrate
concentration and will be inversely proportional to K.
However, when K, is much smaller than the benzene or
toluene concentration, the biodegradation rate becomes zero
order, and hydrocarbon degradation rates will increase lin-
early with k£ and the active microbial concentration. Simu-
lations with a larger K, value for toluene degradation
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Fig. 4. Sensitivity of model predictions to varying maximum spe-

cific substrate utilization rate k.

[Goldsmith and Balderson, 1988] illustrate the critical impor-
tance of this parameter. When K | is raised to 38 mg L. ™', the
model simulation exhibits much higher breakthrough con-
centrations than were actually observed (Figure 5a). The
hydrocarbon degradation rate constants for this simulation
are approximately 4/K; (in a first-order expression), with
relatively low values due to the high K, values. Alterna-
tively, if K, values are chosen to be extremely small, as in
the minimum literature value for toluene (K, = 0.044 mg
L~Y) [Robertson and Button, 1987], then the specific sub-
strate utilization rate becomes & (zero order), and no signif-
icant breakthrough occurs. Note that the aquifer slurry
derived value (17.4 mg L") allows the model to accurately
simulate the column data. In this situation the Monod kinetic
expression cannot be simplified by either a first-order rate or
zero-order rate expression, since the K, value is close to the
actual concentration fed to the column (20 mg L™Y). In the
case of benzene the aquifer slurry value for K, (12.2mgL -h
was also found to fit the column data reasonably well, while
an extreme literature value did not (Figure 5b).

The model simulations described above demonstrate that
neither literature values nor measured values from microbial
isolates for the biodegradation kinetic coefficients provided
good predictions of the column data. These results suggest
that biodegradation kinetic coefficients may be very site-
specific parameters requiring independent measurement. Al-
ternatively, the improved degradation predicted with the
mixed culture kinetics may simply indicate that microbial
consortia generally outperform natural isolates.

Another microbial parameter of interest is the yield coef-
ficient (Y). Our aquifer slurry data indicated a value of about
0.5 mg cells per mg hydrocarbon degraded. Accurate mea-
surement of cell yield, like initial cell numbers or biomass,
however, could easily vary as much as 50%. Fortunately, the
model simulation is relatively insensitive to changes in cell
yield for both the toluene and benzene degraders (Figure
6a). When cell yields were varied from 0.4 to 0.6, the model
simulations did not change significantly. Since yield con-
trols, in part, the relative change in biomass due to growth,
it only indirectly affects the subsequent hydrocarbon degra-
dation rate (the more biomass, the more BT degraders in the
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system). Thus the yield coefficient does not have the influ-
ence exhibited by other microbial parameters. As shown in
Figure 65, however, cell yield would have more infiuence if
the initial biomass concentration were lower (X, = 10°
cells (g soil) ~"). Under such circumstances the yield and the
rate of hydrocarbon degradation would partially control the
rate of biomass increase until the biomass was significantly
high such that other factors would begin to dominate.

Another parameter that affects biomass increase is the
microbial decay coefficient (k;) for which no value was
determined from aquifer slurry studies. Literature values
ranging from 0.01 d~! [Lawrence and McCarry, 1970),
typically associated with anaerobic conditions, to 0.2 d ™',
typically associated with aerobic conditions [Lawrence and
McCarty, 1970], were used in the model simulations. Similar
to the results observed for cell yield, these values had very
little effect on breakthrough curves. Decay coefficients
would, however, be expected to influence the minimum
hydrocarbon concentration obtained after long times, since
cell decay is the only process which reduces biomass accu-
mulation in the model.

One of the reasons cell yield and decay have less influence
on the breakthrough curves is the prior existence of biomass
capable of degrading benzene and toluene. At pristine sites
the number of BT degraders would be expected to be quite
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Sensitivity of model predictions to varying half velocity
constant K, for (a) toluene and (b) benzene.

Fig. 5.
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low. If, however, as in this case, the aquifer was exposed to
benzene and toluene, the number of BT degraders would be
relatively high. The biomass in this study, estimated at
approximately 10° bacteria per gram of aquifer material, has
tremendous influence on the breakthrough curve. If the initial
biomass concentration were sufficiently high, no benzene or
toluene would pass through the column. If the initial biomass
were very low, the movement of benzene and toluene through
the column would exceed the rate of biodegradation, and high
breakthrough concentrations would be anticipated. As illus-
trated previously (Figure 25), the initial biomass concentration
had a significant influence on the breakthrough curves. In
addition, this is the one parameter determined from the sedi-
ment slurry studies that appears to prevent the model from
fitting the benzene breakthrough curve more accurately.
Under certain conditions the mass diffusion process in the
immobile water adjacent to the biomass might be rate
limiting. Two parameters, the mass transfer coefficient and
the total contact area, control this process. Numerous mass
transfer correlations are available to estimate the mass
transfer coefficient across a boundary layer. Most were
developed, however, for diffusion-limited dissolution of fluid
spheres suspended in a laminar flow regime. Three correla-
tions were used to examine the model sensitivity to the mass
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transfer coefficient. The model simulations using k values
obtained from Wilson and Geankoplis [1966] and Williamson
et al. [1963] did not vary significantly from the column data,
but simulations using values from Friedlander [1957] did
exhibit a greater deviation (Figure 7). The possible reason
for this deviation is that correlations developed by Fried-
lander [1957] are based on fluid-fluid interactions and do not
account for the tortuous flow in the soil matrix. Such
hydraulic conditions result in lower mass transfer coeffi-
cients and hence less biomass growth in the column.

The soil samples used for column packing and for analysis
of the partitioning coefficients between soil and BT were
obtained from the same BT-contaminated site (Kalkaska),
although from different soil core samples. Variation of the
retardation factor over the range of measured values had a
significant influence on the timing of the breakthrough and a
lesser influence on the concentration minimum (Figures 8a
and 8b). Completely mixed batch reactor experiments
yielded Ra values of 1.6 for toluene and 1.4 for benzene, and
short packed-bed continuous-flow column reactor measure-
ments yielded 2.1 for toluene and 1.6 for benzene.

Whether a simplified modeling approach could capture the
dominant processes observed in the column experiments
was also investigated. A number of alternative approaches
have been proposed to model microbial degradation. First-
order substrate utilization, without microbial growth or decay,
is perhaps the simplest approach. To illustrate the importance
of incorporating biomass growth and decay in these column
simulations, a simplified model based on first-order kinetics
was developed. Assumptions of this model include no mass
transfer resistance, no oxygen-limited conditions, and first-
order biodegradation kinetics with respect to the substrate
concentration. Under such conditions, (6) and (10) for single
substrate biodegradation can be rewritten as

pbKD a 2 d
1+ M w L +_ V\\r‘ W L
( nsw)a‘(pw) az( )

a y Fowiw
= g(p () ]]——kp (] (13)
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dX,,
— = (K'Yp*w® — k)X,

7 (14)

The first-order decay rate &’ can be approximated as kX,,/
K. Note that this is a function of X,,. If one assumes a
steady state biomass concentration (i.e., (14) equal to zero)
at the measured value of 0.81 mg L~' for the toluene
degrader, (13) underpredicts the toluene degradation and
overpredicts the breakthrough concentration (dashed curve
in Figure 9). If microbial growth and decay is included in the
model (coupled solution of (13) and (14)), the effluent break-
through simulation for toluene is in much closer agreement
with the laboratory data (dotted curve in Figure 9). How-
ever, a full model simulation, which includes liquid film
resistance and Monod kinetics, matches the long-term and
short-term laboratory data more closely (solid curve in
Figure 9).

An alternative modeling approach is to neglect kinetics
and treat the substrate biodegradation as an instantaneous
reaction which follows a stoichiometric relationship with
oxygen. When oxygen is not limiting, such a model would
predict that any substrate in contact with oxygen would be
completely degraded. Using such a model, benzene and
toluene would be predicted to be completely degraded at the
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column inlet. Clearly, such a model could not be used to
simulate the observed laboratory effluent data.

Model sensitivity to boundary conditions was also ex-
plored. Changing the inlet boundary condition from a third-
type to a first-type condition did not significantly affect the
simulated effluent breakthrough concentration for this exam-
ple (Figure 10a). Note that the boundary condition, how-
ever, has a dramatic impact on the biomass growth at the
inlet (Figure 105). A first-type condition essentially supplies
unbounded substrate and electron acceptors for biomass
growth at the boundary. The third-type condition, which
limits the advective and dispersive flux of mass across the
boundary, is clearly more physically accurate. A discrep-
ancy in column breakthrough simulations using these alter-
native boundary conditions might occur under other circum-
stances (e.g., a shorter column or a sudden increase in
influent concentration). These simulations illustrate the im-
portance of careful evaluation of boundary conditions in
applying biodegradation models.

CONCLUSIONS

In this paper a mathematical model describing the trans-
port and biotransformation of BTX compounds in sandy
aquifer environments was developed. This model accounts
for transport and degradation processes in the unsaturated
soil zone and models two substrates, two electron acceptors,
one limiting nutrient, and two species populations of indig-
enous microbes. The model also incorporates the sensitivity
of the nitrate-respiring organism to oxygen. As an initial step
in model validation, model simulations of toluene and ben-
zene degradation in saturated aquifer columns under aerobic
and nitrate addition conditions were compared to laboratory
data. Microbial, chemical, and hydraulic parameters for
these simulations were obtained independently from batch
and column studies.

Simulation results demonstrated that, when the electron
acceptor was not limiting, the model could predict the
one-dimensional transport and biodegradation of toluene and
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Fig. 9. Intermodel simulation comparisons for toluene: dashed

curve, first-order substrate decay and steady state uniform biomass
concentration; dotted curve, solution of (I13) and (14) includes
biomass growth; solid curve, full model (equations (6)—(10)) includes
biomass growth and liquid film resistance.
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Fig. 10. Simulation comparisons for first- and third-type bound-
ary conditions for (a) effluent toluene concentrations and (b)
biomass growth at x = 0.

benzene. This suggests that the mechanisms incorporated in
the model can accurately describe the column system under

such conditions. Model predictions for toluene concentra-.

tions were reasonable for conditions under which nitrate
acted as an electron acceptor, even though microbial kinetic
parameters had been derived from those measured under
aerobic conditions.

Under electron acceptor limiting conditions, however, the
model did not provide accurate predictions of concentrations,
although overall trends were modeled. Possible reasons for this
model inadequacy may be (1) the inappropriateness of the
assumption of benzene and toluene degrader independence, (2)
incomplete metabolism of benzene, resulting in a lower oxygen
use coefficient, and (3) the inappropriateness of the kinetic
constants under electron acceptor limiting conditions.

A parameter sensitivity analysis revealed that k£ and K
values must be measured from aquifer slurry experiments
with mixed indigenous cultures to accurately model the
column data. Measuring parameters using isolated cultures
does not appear to be a valid approach. In addition, modzl
prediction of the breakthrough concentration was sensitive
to the initial active biomass concentration.

Model simulations also showed that neither a simplified
model using first-order kinetics nor a model which assumes
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that the removal of organic occurs as an instantaneous reaction
could accurately predict the column behavior. The importance
of employing the appropriate boundary condition at the column
inlet was also illustrated. Inappropriate application of a first-
type condition to a flux-limited situation yielded unlimited (and
unrealistic) biomass growth at the inlet.

This work has illustrated the utility of a comprehensive
experimental/modeling approach for the enhancement of our
understanding of biodegradation processes in porous media.
Simulation results have revealed that further conceptual
model refinement will be necessary for the accurate predic-
tion of multisubstrate degradation, particularly under elec-
tron acceptor limiting conditions. Extension of the model to
two dimensions will facilitate the application of the insight
gained from these laboratory studies to the exploration of
alternative field remediation schemes.

APPENDIX A: DISCRETIZATION OF THE SINK TERM

Application of variable time weighting to the finite element
expansion of the sink term in equation (6) yields

kiA.
2{ =) [
n* 5

= .= CiNy) D, (XuNp) [N, d2
.2 k

r

ki A,
=6 > [ f > W i)™ = (Ci)" "N,
r a°

m
. 5

- D (XHINY N, a'n} +(1-9)
k

ki A.
a3 [ f > (e oD

r € s

= (Ci)IN: D, (XpuND) [N, dﬂ] (A1)
k

where r, 5, kK € [1, nn]; e € [1, nn —=1]; nn is the total
number of elements; N is the basis function; 6 is the time
weighting factor; and ¢ and 7 + 1 represent the old and new
time levels, respectively.

APPENDIX B: APPLICATION TO THE GROWTH EQUATION
OF A VARIABLE-TIME-WEIGHTED
FiniTE DIFFERENCE OPERATOR

The weak form of the growth equation (10) is

dx;
E J- [E dts - M; z (CuNiXis) N,]N, Q=0
r (15 5 k

(A2)

where

St 1 C;
M. = iyl &)
! Ej" {k" ‘(K,q ¥ C,-)(K% i Cf)

. __C"‘_ Hl}'(c)_kf} (A3)
K, +Cy oy idy
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The matrix form of (A2) is

dX;
[AN——{ + [B}X3 =0 (A4)
where
[A]1=> > | NN, d0 (AS)
r 5 Qs
[Bl=> > | M;D, CaNiNN,dQ  (A6)
r 5 o k
The variably weighted form of (A4) is
[A]:-H " [A]r )
AFL _I+BBIT1XEPP]
— (X = (X + 0[B] X
+(1 - 0)BI{X} =0 (AD)
Acknowledgments. Appreciation is extended to H. Corseuil for

providing solid/lliquid partitioning coefficients and to R. H. Olsen
and J. Kukor for supplying pure culture of a toluene degrader. This
research was supported, in part, through a round table research
agreement with Michigan Oil and Gas Association (MOGA Co-
BioRem, Inc.). Additional partial support was provided by the state
of Michigan Department of Natural Resources. The work was also
supported by the National Science Foundation under grant ECE-
8451469.

REFERENCES

Abriola, L. M., Modeling multiphase migration of organic chemicals
in groundwater systems—A review and assessment, Environ.
Health Perspect., 83, 117-143, 1989.

Alvarez, P. I. J., and T. M. Vogel, Substrate interactions of
benzene, toluene, and para-xylene during microbial degradation
by pure cultures and mixed culture aquifer slurries, Appl. Envi-
ron. Microbiol., 57(10), 2981-2985, 1991.

Alvarez, P. J. J., P. J. Anid, and T. M. Vogel, Kinetics of
biodegradation of benzene and toluene in sandy aquifer material,
Biodegradation, 2, 43-51, 1991.

Anid, P. J., and T. M. Vogel, The potential of indigenous and added
microorganisms for degrading benzene, toluene and xylene under
different environmental conditions, in Proceedings of the 1990
Specialty Conference, edited by R. Charles and P. E. O'Melia,
pp- 382-389, Environmental Engineering Division, American So-
ciety of Civil Engineers, New York, 1990.

Barker, J. F., G. C. Patrick, and D. Major, Natural attenuation of
aromatic hydrocarbons in a shallow sand aquifer, Ground Water
Monit. Rev., 7(1), 6471, 1987.

Battermann, G., and P. Werner, Beseitung einer Untergrunkontam-
ination mit Kohlwasserstosffen durch Mikrobiellen abbu, Grund-
wasserforschung-Wasser/Abwasser, 125, 366-373, 1984.

Baveye, P., and A. Valocchi, An evaluation of mathematical models
of the transport of biologically reacting solutes in saturated soils
and aquifers, Water Resour. Res., 25(6), 1413-1421, 1989.

Borden, R. C., and P. B. Bedient, Transport of dissolved hydrocar-
bons influenced by oxygen-limited biodegradation, 1, Theoretical
development, Warer Resour. Res., 22, 1973-1982, 1986.

Bouwer, E. I., and G. D. Cobb, Modeling of biological processes in
the subsurface, Warer Sci. Technol., 19, 769-779, 1987.

Bryers, J. D., Modeling biofilm accumulation, in Physiological
Modeling in Microbiology, vol. 2, edited by M. J. Bazin and J. [.
Prosser, CRC Press, Boca Raton, Fla., 1988.

Button, D. K., Kinetics of nutrient-limited transport and microbial
growth, Microbiol. Rev., 49, 270-297, 1985.

Campbell, R., Microbial Ecology, Blackwell Scientific, Boston,
Mass., 1977.

Chiang, C. Y., J. P. Salanitro, E. Y. Chai, J. D. Colthart, and C. L.

CHEN ET AL.: TRANSPORT AND BIODEGRADATION OF BENZENE AND TOLUENE

Klein, Aerobic biodegradation of benzene, toluene and xylene in
a sandy aquifer—Data analysis and computer modeling, Ground
Water, 27(6), 823834, 1989.

Chiou, C. T., and T. D. Shoup, Soil sorption of organic vapors and
effects of humidity on sorptive mechanism and capacity, Environ.
Sci. Technol., 19(12), 11961200, 1985.

Corapcioglu, M. Y., M. A. Hossain, and M. A. Hossain, Methano-
genic biotransformation of chlorinated hydrocarbons in ground
water, J. Environ. Eng. Div. Am. Soc. Civ. Eng., 117(1), 47-65,
1991.

Coyne, M. S., and J. M. Tiedje, Induction of denitrifying enzymes
in oxygen-limited Achromobacter cycloclastes continuous cul-
ture, FEMS Microbiol. Ecol., 73, 263-270, 1990.

Dowd, J. E., and D. S. Riggs, A comparison of estimates of
Michaelis-Menten kinetic constants from various linear transfor-
mations, J. Biol. Chem., 240, 863-869, 19635.

Edwards, E. A., L. E. Wills, D. Grbié¢-Gali¢, and M. Reinhard,
Anaerobic degradation of toluene and xylene-evidence for sul-
phate as the terminal electron acceptor, in In-situ Bioremediation:
Applications and Investigations for Hydrocarbon and Contami-
nated Site Remediation, edited by R. E. Hinchee and R. F.
QOlfenbuttel, pp. 463471, Battelle Memorial Institute, Columbus,
Ohio, 1991.

Environmental Engineering Research Council, Ground water pro-
tection and reclamation, J. Environ. Eng. Div. Am. Soc. Civ.
Eng., 116(4), 654-662, 1990.

Evans, P. J., D. T. Mang, and L. Y. Young, Degradation of toluene
and m-xylene and transformation of o-xylene by denitrifying
enrichment cultures, Appl. Environ. Microbiol., 57, 4504534,
1991.

Freeze, R. A., and J. A. Cherry, Groundwater, Prentice-Hall,
Englewoad Cliffs, N. J., 1979.

Friedlander, S. K., Mass and heat transfer to single spheres and
cylinders at low Reynolds numbers, AlchE J., 3(1), 4348, 1957.

Frind, E. O., W. H. M. Duynisveld, O. Strebel, and J. Boettcher,
Modeling of multicomponent transport with microbial transforma-
tion in groundwater: The Fuhrberg case, Water Resour. Res.,
26(8), 1707-1719, 1990.

Goldsmith, C. D., and R. K. Balderson, Biodegradation and growth
kinetics of enrichment isolates on benzene, toluene, and xylene,
Water Sci. Technol., 20, 505-507, 1988.

Grady, C. P., and H. C. Lim, Biological Wastewater Treatment—
Theory and Applications, Marcel Dekker, New York, 1980.

Gray, T. R. G., P. Baxby, L. R. Hill, and M. Goodfellow, Direct
observation of bacteria in soil, in The Ecology of Soil Bacteria,
edited by T. R. G. Gray and D. Parkinson, pp. 171-192, Univer-
sity of Toronto Press, Ont., 1968.

Grbié-Galié, D., and T. M. Vogel, Transformation of toluene and
benzene by mixed methanogenic cultures, Appl. Environ. Micro-
biol., 53, 254-260, 1987.

Harvey, R. W., R. L. Smith, and L. George, Effect of organic
contamination upon microbial distributions and heterotrophic
uptake in a Cape Cod, Mass. aquifer, Appl. Environ. Microbiol.,
48, 1197-1202, 1984.

Harvey, R. W., L. George, R. L. Smith, and D. R. LeBlanc,
Transport of microspheres and indigenous bacteria through a
sandy aguifer: Results of natural- and forced-gradient tracer
experiments, Environ. Sci. Technol., 23(1), 51-56, 1989.

Hutchins, S. R., J. T. Wilson, R. H. Douglass, and D. J. Hendrix,
Field and laboratory evaluation of the use of nitrate to remove
BTX from a fuel spill, in Proceedings of the Environmental
Research Conference on Ground Water Quality and Waste Dis-
posal, pp. 29.1-29.17, Environmental Protection Agency, Wash-
ington, D. C., 1989.

Huyakorn, P. S., and G. F. Pinder, Computational Methods in
Subsurface Flow, Academic, San Diego, Calif., 1983.

Kindred, J. S., and M. A. Celia, Contaminant transport and biodeg-
radation, 2, Conceptual model and test simulations, Water Re-
sour. Res., 25(6), 1149-1159, 1989.

Kinzelbach, W., W. Schafer, and J. Herzer, Numerical modeling of
nitrate and enhanced denitrification processes in aquifers, Warer
Resour. Res., 27(6), 1123-1135, 1991.

Kuhn, E. P., P. J. Colberg, J. L. Schnoor, O. Wanner, A. J. B.
Zehnder, and R. P. Schwarzenbach, Microbial transformation of
substitute benzenes during infiltration of river water to ground-



CHEN ET AL.: TRANSPORT AND BIODEGRADATION OF BENZENE AND TOLUENE

water: Laboratory column studies. Environ. Sci. Technel., 19,
961-967, 1985.

Kuhn, E. P., J. Zeyer, P. Eicher, and R. P. Schwarzenbach,
Anaerobic degradation of alkylated benzenes in denitrifying lab-
oratory aguifer columns, Appl. Environ. Microbiol., 54, 490496,
1988.

Kukor, J. 1., and R. H. Olsen, Diversity of toluene degradation
following long term exposure to BTEX in situ, in Biotechnology
and Biodegradation, edited by D. Kamely, A. Chakrabarty, and
G. Omenn, pp. 405421, Portfolio, Woodlands, Texas, 1989.

Lawrence, A. L., and P. L. McCarty, A unified basis for biological
treatment design and operation, J. Sanit. Eng. Div. Am. Soc. Civ.
Eng., 96, 757-T78, 1970.

Lee, M. D., J. M. Thomas, R. C. Borden, P. B. Bedient, C. H.
Ward, and J. T. Wilson, Biorestoration of aquifers contaminated
with organic compounds, CRC Crit. Rev. Environ. Control, 18,
29-89, 1988.

Longmuir, I. S., Respiration rate of bacteria as a function of oxygen
concentration, Biochemistry, 57, 81-87, 1954,

Lovely, D. R., and D. J. Lonergan, Anaerobic oxidation of toluene.
phenol and p-cresol by the dissimilatory iron-reducing organism
GS-15, Appl. Environ. Microbiol., 56, 858864, 1990.

MacQuarrie, K. T. B., E. A. Sudicky, and E. O. Frind, Simulation
of biodegradable organic contaminants in groundwater, 1, Numer-
ical formulation and model calibration, Water Resour. Res., 26(2),
207-222, 1990.

Major, D. W., C. 1. Mayfield, and J. F. Barker, Biotransformation of
benzene by denitrification in aquifer sand, Ground Water, 26(1),
8-14, 1988.

Molz, F. J., M. A. Widdowson, and L. D. Benefield, Simulation of
microbial growth dynamics coupled to nutrient and oxygen trans-
port in porous media, Water Resour. Res., 22, 1207-1216, 1986.

Ogata, A., and R. B. Banks, A solution of the differential equation
of longitudinal dispersion in porous media, U.S. Geol. Surv. Prof.
Pap. 411-A, 1961.

Parkin, T. B., and J. M. Tiedje, Application of a soil core method to
investigate the effect of oxygen concentration on denitrification,
Soil. Biol. Biochem., 16, 331-334, 1984.

Randtke, S. J., and V. L. Snoeyink, Evaluating GAC adsorptive
capacity, report, pp. 406413, American Water Works Associa-
tion, Denver, Colo., Aug. 1983.

Rifai, H. S., and P. B. Bedient, BIOPLUME II—Two dimensional
modeling for hydrocarbon biodegradation and in situ restoration,
in Proceedings of the NWWAIAPI Conference on Petroleum
Hydrocarbons and Organic Chemicals in Ground Water—
Prevention, Detection, and Restoration, pp. 431450, National
Water Well Association, Dublin, Ohio, 1987.

Rifai, H. S., P. B. Bedient, J. T. Wilson, K. M. Miller, and J. M.
Armstrong, Biodegradation modeling at aviation fuel spill site, J.
Environ. Eng. Div. Am. Soc. Civ. Eng., 114(5), 1007-1029, 1988.

Rittman, B. E., and P. L. McCarty, Model of steady-state biofilm
kinetics, Biotechnol. Bioeng., 22, 2343-2357, 1980.

Robertson, B. R., and D. K. Button, Toluene induction and uptake
kinetics and their inclusion in the specific-affinity relationship for
describing rates of hydrocarbon metabolism, Appl. Environ. Mi-
crobiol., 53, 2193-2205, 1987.

Semprini, L., and P. L. McCarty, Biostimulation and biotransfor-
mation modeling, in In-situ Aquifer Restoration of Chlorinated
Aliphatics by Methanotrophic Bacteria, Sect. 13, EPA/600/52-89/
033, edited by P. V. Roberts, L. Semprini, G. D. Hopkins, P. L.
Grbi¢-Gali¢, P. L. McCarty, and M. Reinhard, Environmental
Protection Agency, Ada, Okla., 1989.

Siegrist, H., and P. L. McCarty, Column methodologies for deter-
mining sorption and biotransformation potential for chlorinated
aliphatic compounds in aquifers, J. Contam. Hydrol., 2, 31-50,
1987.

Smith, E. H., and W. J. Weber, Jr., Evaluation of mass transfer
parameters for adsorption of organic compounds from complex
organic matrices, Environ. Sci. Technol., 23(6), 713-722, 1989.

1847

Stryer, L.. Biochemistry, 3rd ed., pp. 192-197, W. H. Freeman,
New York, 1988.

Svkes, J. F., S. Soyupak, and G. J. Farquhar, Modeling of leachate
organic migration and attenuation in ground waters below sanitary
landfills, Warer Resour. Res., 18, 135-145, 1982.

Thomas, J. M., V. R. Gordy, S. Fiorenza, and C. H. Ward,
Biodegradation of BTEX in subsurface materials contaminated
with gasoline in Granger, Indiana, Warer Sci. Technol., 22(6),
53-62, 1990.

van Genuchten, M. T., and W. A. Jury, Progress in unsaturated flow
and transport modeling, Rev. Geophys., 25(2), 135-140, 1987.

van Genuchten, M. T., and J. C. Parker, Boundary conditions for
displacement experiments through short laboratory soil columns,
Soil Sci. Soc. Am. J., 48, T03-708, 1984.

Verheul, J. H. A. M., R. van den Berg, and D. H. Eikelboom,
In-situ biorestoration of subsoil contamination with gasoline, in
Contaminated Soil "88, edited by K. Wolf, W. J. van der Bmnk,
and F. J. Colon, pp. 705-716, Kluwer Academic, Norwell, Mass.,
1988.

Vogel, T. M., and D. Grbi¢-Gali¢, Incorporation of oxygen from
water in toluene and benzene during anaerobic fermentation
transformation, Appl. Environ. Microbiol., 52, 200-202, 1986.

Ward, C. H., J. M. Thomas, S. Fiorenza, H. S. Rifai, P. B. Bedient,
J. J. Wilson, and R. L. Raymond, In-situ bioremediation of
subsurface material and groundwater contaminated with aviation
fuel: Traverse City, Michigan, in Proceedings of the 1989
A&WMAIEPA International Symposium on Hazardous Waste
Trearment: Biosystems for Pollution Control, pp. 83-96, Environ-
mental Protection Agency, Cincinnati, Ohio, 1989.

Weber, W. J., Jr., P. M. McGinley, and L. E. Katz, Sorption
process and their effects on contaminant fate and transport in
subsurface systems, Water Res., 25(5), 499-528, 1991.

Widdowson, M. A., F. J. Molz, and L. D. Benefield, A numerical
transport model for oxygen- and nitrate-based respiration linked
to substrate and nutrient availability in porous media, Warer
Resour. Res., 24, 1553-1565, 1988.

Wilke, C. R., and P. Chang, Correlation of diffusion coefficients in
dilute solutions, AIChE J., 1(2), 264-270, 1955.

Williamson, J. E., K. E. Bazazaire, and C. J. Geankoplis, Liquid-
phase mass transfer at low Reynolds numbers, Ind. Eng. Chem.
Fund., 2(2), 126-129, 1963.

Williamson, K. J., and P. L. McCarty, A model of substrate
utilization by bacterial films, J. Warer Pollut. Control Fed., 48(1),
9-24, 1976.

Wilson, B. H., G. B. Smith, and J. F. Rees, Biotransformation of
selected alkylbenzenes and halogenated aliphatic hydrocarbons in
methanogenic aquifer material: A microcosm study, Environ. Sci.
Technol., 20, 997-1002, 1986.

Wilson, J. T., and D. J. Geankoplis, Liquid mass transfer at very
low Reynolds numbers in packed beds, Ind. Eng. Chem. Fun-
dam., 5, 9-14, 1966.

Zeyer, J. E. P., P. Kuhn, and R. P. Schwarzenbach, Rapid microbial
mineralization of toluene and 1,3-dimethylbenzene in the absence
of molecular oxygen, Appl. Environ. Microbiol., 52, 944-949,
1986.

Zeyer, 1. E. P., P. Eicher, J. Dolfing, and R. P. Schwarzenbach,
Anaerobic degradation of aromatic hydrocarbons, in Bietechnol-
ogy and Biodegradation, edited by D. Kamely, A. Chakrabarty,
and G. S. Ormenn, Portfolio, pp. 3340, The Woodlands, Tex.,
1990.

Zuane, J. D., Handbook of Drinking Water Quality: Standards and
Controls, Van Nostrand Reinhold, New York, 1990.

L. M. Abriola, P. J. J. Alvarez, P. J. Anid, Y.-M. Chen, and T. M.
Vogel, Department of Civil and Environmental Engineering, Uni-
versity of Michigan, Ann Arbor, MI 48105.

(Received August 16, 1991;
revised March 5, 1992;
accepted March 16, 1992.)



