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The biodegradation of contaminants in the subsurface
has become a topic of great interest. In systems wherein
biodegradation is coupled with transport, the magnitude
and rate of biodegradation is influenced not only by microbial
properties but also by physicochemical properties. The
purpose of this work is to systematically evaluate the impact
of coupled physicochemical factors (residence time,
substrate concentration, and electron-acceptor concentra-
tion) on the biodegradation of contaminants during
transport in porous media. A suite of miscible-displacement
experiments was conducted with different residence
times and initial contaminant concentrations, using a
petroleum-contaminated aquifer material and benzoate as
a model compound. The results were evaluated using a
framework developed from a mathematical analysis of the
nondimensional parameters that control biodegradation
during transport. The results show that the type of transport
behavior observed is dependent upon system conditions
and is predictable using the controlling-parameter approach.
For benzoate, which is a relatively labile compound,
transport was measurably influenced by biomass growth
under most conditions tested, albeit to different extents. The
exceptions occurred when either the substrate or oxygen
(electron acceptor) concentrations were limiting. The
results obtained from this study should improve our
understanding of the coupled influence of residence time,
substrate concentration, and microbial properties on the
biodegradation of contaminants during transport in the
subsurface.

Introduction

The biodegradation of contaminants in the subsurface has
become atopic of great interest. Knowledge of biodegradation
processes is especially critical to the accurate prediction of
contaminant transport, to conducting effective risk assess-
ments, and to the development of successful in situ bio-
remediation systems. Clearly, these endeavors require an
understanding of the factors that influence biodegradation
under the dynamic conditions associated with subsurface
systems.
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In systems wherein biodegradation is coupled with
transport, the magnitude and rate of biodegradation is
influenced not only by microbial properties but also by
physicochemical properties such as hydrodynamic residence
time, substrate concentration, and electron-acceptor con-
centration. For example, the impact of residence time on
biodegradation was examined in laboratory experiments
reported by Angley et al. (1), Estrellaetal. (2), and Kelsey and
Alexander (3). They observed greater biodegradation at lower
pore-water velocities and for longer columns, which was
attributed to the longer period of contact between the
substrate and the microorganisms. Several authors have used
mathematical models to examine the impact of dispersion,
oxygen availability, and other factors on biodegradation
during transport (4—13). However, very few experiment- or
modeling-based studies have explicitly examined the influ-
ence of several, coupled physicochemical factors on bio-
degradation of contaminants during transport.

The purpose of this paper is to present an experiment-
based analysis of the impact of hydrodynamic residence time,
substrate concentration, and electron-acceptor concentration
on the biodegradation and transport of dissolved contami-
nants in porous media. An aquifer material collected from
a fuel-contaminated site is used in the study, with benzoate
selected as the model biodegradable compound. The results
obtained from batch and miscible-displacement experiments
are evaluated using a framework developed from a math-
ematical analysis of the nondimensional parameters that
control biodegradation during transport.

Theory

Governing Equations. The nondimensional equations gov-
erning advective and dispersive transport of solute influenced
by linear, instantaneous sorption, nonlinear biodegradation,
biomass growth and decay, and electron-acceptor availability
for one-dimensional steady-state flow are (14)
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where coefficients and parameters are defined in the Glossary,
and where the following dimensionless parameters are
defined as
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The initial relative concentrations of substrate, oxygen, and
biomass are 0, 1, and 1, respectively, in the domain. The
upgradient boundary condition is given by

1 (oC*
Cr= =5 (5heo =" ®

with Co* =1for0 < T =< Togand Co* =0 for T > Ty, where Ty
is the duration of the pulse input (in nondimensional time
or pore volumes). The downgradient boundary condition is
given by

(%)X:L =0 ©)

The Monod equation is used to represent biomass growth
and substrate (contaminant) biodegradation. This equation
has been widely used for simulating biodegradation in batch
systems (15) and is used often for coupling biodegradation
and transport (16). The substrate is assumed to be bioavailable
and the biomass is assumed to be immobile. Limitations
associated with these and other assumptions will be discussed
below.

The advantage of using the dimensionless form of the
equations is that the number of independent parameters in
the system is minimized. As will be shown below, three
characteristic controlling parameters, y, em and Kc*, are
introduced through the dimensionless approach and rep-
resent the relative substrate-utilization coefficient, the ef-
fective maximum specific growth rate, and the relative half-
saturation constant, respectively. These parameters reflect
the combined effect of flow rate, path length, chemical,
physical, microbial properties, and the boundary and initial
concentrations of substrate and microorganisms in the
system.

The em is the effective maximum specific growth rate for
microorganisms, which is a function of residence time t, and
maximum specific growth rate um. The longer the residence
time and the larger the maximum specific growth rate, the
higher the effective maximum growth rate. The ¢ parameter
is the apparent biodegradation rate coefficient, whichisequal
to emy, Where y, the relative substrate-utilization coefficient,
is defined as

_ Mo _ acx (10)
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The relative substrate-utilization coefficient can be viewed

as the amount of initial biomass present in the system

compared to the supply of substrate. Alternatively, it can be

considered an inverse nondimensional yield coefficient.

Substrate degradation and biomass growth are both
controlled by the term C*/(K* + C*), where K¢*, the relative
half-saturation constant, is the dimensional half-saturation
constant normalized by substrate input concentration. This
parameter indicates the affinity of the microbial population
to the substrate, relative to the supply of substrate. The larger
the relative half-saturation constant, the lower the substrate
utilization and biomass growth rates.

Biodegradation with and without Biomass Growth.
When modeling the transport of contaminants undergoing
biodegradation, the latter process is often represented as
first order. True first-order biodegradation will occur only in
systems that have no net biomass growth. This may occur
when the concentration of substrate, electron acceptor, or
nutrients is too low to support net growth or when the rate
of biomass loss (e.g., decay, outflux) iscomparable to growth.
When substrate transport is governed by first-order biodeg-
radation (or any first-order mass loss process), the resultant
breakthrough curves for continuous input conditions exhibit
steady transport behavior, characterized by a constant plateau

at a concentration that is less than the input concentration.
Conversely, nonsteady transport behavior is observed when
biodegradation is influenced by biomass growth. Specifically,
the effluent substrate concentration decreases with time,
even as solute is continually injected into the system.
Furthermore, the maximum relative effluent concentration
varies as a function of the input concentration when biomass
growth influences biodegradation. This is not so for first-
order mass loss, where the relative concentration at which
the constant plateau occurs is the same, regardless of the
initial concentration (e.g., aconstant proportion of substrate
is degraded for a first-order process, no matter the actual
concentration).

The transporteqs 1—3 can be used to delineate conditions
under which steady and nonsteady transport occur. The type
of transport behavior observed depends on the magnitude
of the three characteristic parameters em, ¥, and K dis-
cussed above. A diagram delineating expected transport
behavior can be constructed using the effective maximum
specific growth rate (em) for the y axis, the relative half-
saturation constant (K:*) for the x axis, and the relative
substrate-utilization coefficient (y) as the criterion for each
“type curve” (see Figure 1). This “controlling-parameter”
approach can be used to interpret and predict the transport
behavior of biodegrading solutes (14).

To interpret and use this diagram, the location of the
coordinate point corresponding to each experiment-specific
pair of ey and K¢* values is compared to the magnitude of
the y parameter (i.e., type-curve) associated with that
experiment. If the coordinate point is greater than y (i.e, if
the point is above the type curve), the breakthrough curve
should exhibit nonsteady behavior. Conversely, steady-state
behavior (constant concentration plateau) should be ob-
served when the coordinate point is below the type curve.

The greater effective maximum specific growth rates
associated with larger values of ¢, will cause higher biomass
growth rates and more biomass growth, which increases the
amount of substrate degraded. This temporal increase in
biomass concentration and associated biodegradation ca-
pacity produces a temporal increase in substrate demand,
which results in nonsteady transport. Conversely, the minimal
growth associated with lower e, values results in a relatively
constant substrate demand and corresponding steady-state
transport.

It is important to note that to maintain practicality with
afocusonfield applications, the type-curve diagram is based
on relatively short-term behavior observed after the intro-
duction or perturbation of a substrate pulse. Specifically, the
focus is on the behavior exhibited during the first 20—25
pore volumes after introduction of acontaminant pulse. Thus,
it must be stressed that the designation of steady-state
transport obtained from use of the type curve may often
apply only for some initial portion of the event. The duration
of the steady-state phase will depend on the specific system
conditions (14).

In the analysis presented above, the system was simplified
to focus on the coupling between residence time, substrate
supply, and biomass growth. The simplifications included
assumptions that the substrate is readily available to the
biomass, that nutrient and electron-acceptor concentrations
are not limiting, that biomass decay is negligible, and that
biomass is immobile. One or more of these assumptions are
likely to be invalid in many cases, especially under field
conditions. In such cases, the magnitude and rate of biomass
growth and of biodegradation may be constrained, which
would influence the associated transport behavior (14). For
example, in a system constrained by electron-acceptor
limitation, the concentration of electron-acceptor would be
another factor controlling the biodegradation rate. In this
case, the half-saturation constant of the electron-acceptor,
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FIGURE 1. Type-curve diagram illustrating the influence of controlling factors on the type of transport observed. Steady transport is
observed for the zone below a specific type curve and nonsteady transport above.

which indicates the affinity of the bacteria to the electron-
acceptor, along with the electron-acceptor concentration
would be an additional controlling factor. The higher the K,,
the greater the amount of electron-acceptor required for
biomass growth, and the lower the biodegradation rate. Thus,
the type curve would move upward and result in a smaller
nonsteady transport zone.

Materials and Methods

Materials. Benzoate was selected as the model biodegradable
solute (Aldrich Chem. Co., Milwaukee, WI). Benzoate is
representative of the biodegradation of aromatic hydrocar-
bons such as alkylbenzenes, given it is an aromatic inter-
mediate in the biodegradative pathway of many aromatic
compounds. Benzoate is nonvolatile and should experience
minimal hydrolysis under the system conditions. Thus, mass
loss as a result of abiotic processes is unlikely. Given its
physicochemical properties, benzoate is not expected to be
sorbed by the aquifer material and thus should be readily
available for biodegradation. Pentafluorobenzoate was used
as the nonreactive, conservative tracer.

An aquifer material collected from a site contaminated
by petroleum hydrocarbons was used for this study. This
material is primarily sand (>96%), with a very low organic
carbon content. The material was sieved prior to use to
remove the particle-size fraction > 2 mm.

Laboratory Experiments and Data Analysis. Degrader
Enumeration. The viable plate-count method was used to
determine the number of benzoate degraders associated with
the aquifer material. Suspensions were generated by adding
2 g of aquifer material to vials containing 9 mL of sterilized,
distilled water and were vortexed prior to being serially
diluted. Benzoate (1000 mg/L) was added to agar plates
containing a Bushnell-HAAS mineral salts medium (Difco
Laboratories, Detroit). The plates were then inoculated and
incubated for 5 days prior to enumeration.

Batch Mineralization Experiments. The mineralization of
benzoate was evaluated by quantification of 1*CO, evolution.
Aliquots (15 mL) of filter-sterilized benzoate stock solution
made with mineral salts medium were added to modified
125-mL micro-Fernbach flasks (Wheaton, Milville, NJ). These
flasks were then spiked with uniformly ring-labeled [**C]-
benzoate to obtain a specific activity of 0.89 uCi/mmol. After
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mixing, the flasks were inoculated with 2 g of soil. The
experiments were conducted using seven initial concentra-
tions of the substrate (0.01, 0.1, 1, 10, 30, 100, and 500 mg/L).
Noninoculated flasks served as one set of controls, and flasks
inoculated with sterilized (serial autoclaved) aquifer material
served as another set of controls.

The flasks were incubated at room temperature on a
gyratory shaker (Lab Line Orbit Shaker, Model 3527) at 200
rpm. A flushing-tree technique was used to periodically collect
14C0O; (2). Concentrations of the evolved *CO, as C were
determined by radioassay using a liquid scintillation counter
(Packard Tri-Carb, Model 1600TR, Meriden, CT). The results
from these experiments were used to calculate values for Mo,
Y, um, and Ke.

Miscible-Displacement Experiments. The apparatus and
methods employed for the miscible-displacement studies
with and without biodegradation were similar to those used
previously in our laboratory (17, 18). Preparative chroma-
tography columns made of precision-bore stainless steel (2.1
cm i.d., and 7.0 cm in length, Alltech Associates Inc.) were
used in the column experiments. The columns were sterilized
(autoclaved) and then incrementally packed with air-dried
porous media to obtain a uniform bulk density (1.77 g/cm?).
One HPLC pump (SSI Acuflow series |1, Deerfield, IL) was
connected to the column, with a three-way switching valve
placed in-line to facilitate switching between solutions with
and without the solute of interest. The packed columns were
slowly wetted from the bottom to establish saturation (6 =
0.37), and approximately 100 pore volumes of synthetic
groundwater were pumped through the column prior to use.

Experiments were conducted using various influent
benzoate concentrations and pore-water velocities, as noted
in the results section. The concentration of benzoate in the
sterilized influent reservoir was monitored during the
transport experiments to ensure constant Co. In some cases,
a flow-through, variable-wavelength UV detector (Gilson,
Model 115, Middleton, WI) was used to continuously monitor
concentrations of the compounds. Output from the detector
was recorded on a strip-chart recorder (VWR Linear Chart
Recorder). In other cases, when radiolabeled compounds
were used, effluent was collected with a fraction collector
and analyzed by radioassay. For the latter cases, the samples
were analyzed before and after acidification to a pH < 2 to



differentiate between “C-labeled compound and 4CO..
Selected samples were analyzed by HPLC to check for possible
degradation intermediates, which were not found.

Precautions were taken to ensure that biodegradation was
due solely to bacteria populations associated with the porous
medium. All of the tubing for the column apparatus was
sterilized by flushing with a 2% bleach solution. Afterward,
the tubing was flushed with a 0.01% sodium—thiosulfate
solution to neutralize the chlorine and then flushed with
autoclaved, deionized water. In addition, an in-line filter
(Whatman AQUEOQUS IFD, 0.2 um) was placed before the
columninletto preventinflux of particles (including bacteria).

Analysis of Batch Data. The results of the enumeration
and mineralization experiments were used to calculate values
for Y, Mo, um, and K., which will be used in the analysis of
benzoate transport. The initial biomass concentration was
calculated with data collected from the plate-count experi-
ments and the following equation

__CFU 95 x 107" mg-cellmass p 10° mL
0" g-drysoil CFU 0 L

(11)

where CFU/g-drysoil is obtained from the plate counts (CFU
= colony forming unit), the values for p and 6 are from the
column system, and the unit cell mass is obtained from ref
19. The value for Y was calculated by converting the **CO,
data to the mass of cells produced, using CsH;NO, as the
cellular composition, assuming that all benzoate was con-
verted to either cell mass or CO,. These assumptions were
verified to be true for our system.

The *CO, data were also used to determine substrate
utilization over time for each initial substrate concentration.
These data were used to calculate the specific growth rate
(u) for each initial substrate concentration, using

Y
up = —m; M, (12)

where m;is the maximum slope for each substrate utilization
curve. The values for um and K. were obtained by plotting u*
versus Co~t from the inverse form of the Monod equation,
where K¢/um is the slope and um ! is the intercept.

Results and Discussion

Enumeration and Mineralization Experiments. The results
of the viable counts, with benzoate as the sole carbon source,
showed that bacteria capable of degrading benzoate existin
the porous media at levels of about 107 colony forming units
per gram of material. As shown in Figure 2, 4CO, was evolved
during the benzoate mineralization experiments, indicating
benzoate can be mineralized by the indigenous bacterial
populations. There was minimal lag in growth at the lowest
substrate concentrations. However, lag appeared to increase
with increasing substrate concentration, possibly due to
toxicity effects. As described in the Materials and Methods
section, the data were analyzed to calculate values for Mo,
Y, u, um, and K¢, which are presented in Table 1.
Miscible-Displacement Experiments: Substrate and
Oxygen Effects. The breakthrough curves for benzoate
transport at the intermediate velocity (v =23 cm/h; t, = 0.3
h) are presented in Figure 3 for four influent concentrations.
Benzoate exhibited no retardation, consistent with the fact
thatitis not sorbed by the aquifer material. The fronts of the
breakthrough curves are relatively sharp and exhibit the same
degree of dispersion as exhibited by pentafluorobenzoate,
the nonreactive, conservative tracer (data not shown).
The effluent concentrations for benzoate experiments
conducted using columns packed with sterilized aquifer
material reached C/Cy = 1 (data not shown). Conversely, the

TABLE 1. Values for Microbiological-Related Parameters

initial biomass  biomass yield max. specific half-saturation
concn (M) v growth rate (um) cons. (Ke)
63 mg/L 0.65 23h7t 20.4 mg/L
specific growth specific growth
rate (u) rate (u)
Co = 0.01 mg/L 0.0009 h™?t Co=30 244
Co=0.1 0.011 Co = 100 6.67
G=1 0.095 Co = 500 30.2
Co=10 0.79

breakthrough curves obtained for the nonsterilized aquifer
material do not reach a relative concentration of 1, which is
the result of biodegradation. The results of the transport
experiments indicate that benzoate generally exhibited
nonsteady behavior. Specifically, the maximum relative
effluent concentration is different for each Co experiment,
with larger maximum effluent concentrations corresponding
to larger influent concentrations. Furthermore, with the
exception of the C, = 100 mg/L experiment, the effluent
concentrations continue to decline, albeit at different rates,
as solution is continuously pumped into the column. This
behavior indicates biodegradation is influenced by biomass
growth, as discussed in the theory section.

The breakthrough curve obtained for Co = 1 mg/L exhibits
a relatively small rate of decline, whereas the breakthrough
curve for Co =10 mg/L exhibits a larger rate of decline. These
results are consistent with the relative magnitudes of K. (20
mg/L) and C, for the two experiments. For the 1 mg/L
experiment, Cy is one-twentieth of K., which can create
pseudo-first-order behavior, as can be seen from inspection
of eq 2. For a given magnitude of ¢y, (i.e., constant um and
t as implemented for these experiments), the growth rate
will be reduced when K¢* is larger than one. When Cq is much
smaller than K, the rate of growth will be small, which results
in a relatively constant rate of substrate utilization (see eq
1). This, inturn, results in a relatively constant concentration
plateau, as seen for the Co = 1 experiments. Conversely, the
larger rate of growth for the Co = 10 experiments results in
alarger rate of increase in substrate utilization, which causes
a larger rate of concentration decline. The results obtained
for the slower (v = 2 cm/h) and faster (v = 120 cm/h)
experiments (data not shown) are similar to the results
obtained for the v = 23 cm/h experiments.

The breakthrough curves for the Co, = 100 mg/L experi-
ments for all three velocities exhibit constant plateaus (see
Figure 3 for an example), even though this concentration is
substantially larger than Ks. Evidence suggests that this was
due to oxygen limitation. For the Co = 1, 10, and 30 mg/L
experiments, the concentration of oxygen in the effluent was
consistently greater than 1—2 mg/L. Conversely, the oxygen
concentration was consistently below 1—-2 mg/L for the Co
= 100 experiments. This indicates that biodegradation was
constrained by insufficient oxygen for the latter case, which
limited cell growth and therefore resulted in the observation
of pseudo-first-order behavior.

Miscible-Displacement Experiments: Residence-Time
Effects. The breakthrough curves for benzoate transport with
Co =1 mg/L are presented in Figure 4a for three pore-water
velocities, i.e., three residence times. The concentrations for
all three curves exhibit relatively small rates of decline,
indicative of pseudo-first-order biodegradation. This is
related to the Co—K_ effect, as discussed above. The magnitude
of the plateau, however, varies with velocity. As discussed by
Angley et al. (1), this phenomenon results from the depen-
dency of the magnitude of biodegradation on the mean
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contact time (i.e., residence time) between the substrate and
the bacteria. This phenomenon is captured by the parameter
€. defined in eq 6, which is a combination of the effective
maximum specific growth rate and the relative substrate
utilization coefficient. Inspection of eq 6 reveals that all
coefficients comprising e. (um, Y, Mo, Co) are constant for this
set of experiments, with the exception of t.. Clearly, ¢
increases with increasing residence time, which results in
greater substrate degradation and a lower relative effluent
concentration (see eq 1).

The results obtained for the Co = 10 mg/L experiments,
which are shown in Figure 4b, are a prototypical example of
the impact of residence time on the transport of a substrate
undergoing biodegradation influenced significantly by bio-
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mass growth. The magnitude of biodegradation was greatest
for the largest residence time (smallest velocity) experiment,
which indicates that the rate of biomass growth per pore
volume of flow was greatest for this case. The relatively large
rate of growth resulted in the breakthrough curve reaching
a relative concentration of essentially zero, while benzoate
solution was still being pumped into the column. Conversely,
the breakthrough-curve plateau exhibits a much smaller rate
of decline for the largest-velocity experiment, which indicates
a much smaller rate of biomass growth per pore volume. In
this case, the rate of biomass growth is constrained by the
relatively short residence time. The breakthrough curve
obtained for the intermediate velocity experiment exhibits

intermediate behavior.
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The impact of residence time on the rate of biomass
growth is defined by eq 2. The magnitude of e, is greater for
larger residence times, which results in larger rates of growth.
A larger rate of growth (i.e., greater rate of increase of M*)
produces a greater rate of increase in substrate degradation,
as indicated by eq 1. Thus, the rate of decline of the
breakthrough-curve plateau is larger for larger residence
times.

Comparison of Measured Behavior to Theory. The results
presented above may be evaluated using the controlling-
parameter approach represented by Figure 1. To do this, the
values for the three nondimensional controlling parameters,
em, Kc*, and y, were calculated for each miscible-displacement
experiment. The pertinent microbiological-related param-
eters required for these calculations, Y, Mg, um, and K¢, are
reported in Table 1. The three physicochemical parameters

required, pore-water velocity, column length, and C,, are
known for each experiment. The calculated values for the
three nondimensional parameters are presented in Table 2.

Inspection of Table 2 reveals that, based on the theory,
nonsteady transport behavior should be expected for nine
of the 13 benzoate experiments reported herein. As noted in
Table 2, nonsteady behavior was observed for all nine of
these experiments. Conversely, steady-state behavior was
expected, and observed, for the other four cases. For three
of the four cases that exhibited steady-state transport, this
behavior was due to oxygen constraints (Co = 100 mg/L
benzoate). For the Co = 0.1 mg/L experiment, steady-state
behavior was related to the large magnitude of K¢* (~200),
for which biomass growth would be negligible during the
experiment. The consistency between the experiment and
theory based results indicates that the controlling-parameter
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TABLE 2. Controlling-Parameter Analysis of Transport
Experiments

coordinate predicted observed

velocity G em  K* oy location?  behavior¢ behaviore
23cm/h 1 7 204 97 above NS NS
2.3 0 7 20 97 above NS NS
2.3 30 7 0.7 3.2 above NS NSd
2.3 100 7 0.2 1.0 —0yb S S
23 1 0.7 204 97 above NS NS
23 10 07 20 97 above NS NS
23 30 07 07 32 above NS NS
23 100 0.7 0.2 1.0 —0b S S
172 0.1 0.09 204 969 below S S
123 1 0.13 20.4 97 above NS NS
123 10 013 20 9.7 above NS NS
123 30 0.13 0.7 3.2 above NS NS
123 100 0.13 0.2 1.0 -0, S S

a2 Above = above type curve; below = below type curve. » -0, =
biodegradation constrained by oxygen limitations. ¢ NS = nonsteady
transport; S = steady transport. ¢ Breakthrough curve exhibited variable
behavior (slightly nonsteady, followed by steady, and slightly nonsteady
again).

theory adequately represented the coupled interactions
between transport and biodegradation for our system.

With this work, we have attempted to systematically
evaluate the impact of coupled physicochemical factors on
the biodegradation of contaminants during transport in
porous media. Clearly, the type of transport behavior
observed will be very dependent upon both physicochemical
and microbial properties. For benzoate, a relatively labile
compound in this system (e.g., relatively large um and My;
relatively small K;), transport was measurably influenced by
biomass growth under most of the conditions tested, albeit
to different extents. The importance of physicochemical
factors was observed herein, as demonstrated by the influence
of Co, residence time and oxygen constraints on the mag-
nitude and rate of benzoate biodegradation.

The results obtained from this study should improve our
understanding of the coupled influence of residence time,
substrate concentration, electron-acceptor constraints, and
microbial properties on the biodegradation and transport of
contaminants in the subsurface. The results should also help
in the design and evaluation of in situ bioremediation
systems. For example, it is clear that a substantial net growth
of biomass will occur only under certain conditions. If these
conditions are known, the system can be designed to attempt
to promote growth and thus maximize performance.

Glossary

b first-order biomass decay coefficient [1/T]

B effective biomass decay rate coefficient [bL/v]

C substrate (contaminant) concentration [M/L3]

C* relative substrate concentration [C/Cq]

Co substrate boundary input concentration [M/L?]

D hydrodynamic dispersion coefficient for sub-
strate or electron acceptor [L2/T]

Ka equilibrium sorption coefficient [L3/M]

Ke half-saturation constant for substrate [M/L3]

K* relative half-saturation constant for substrate
[KC/CO]

Ko half-saturation constant for electron acceptor
[M/L3]

Ko* relative half-saturation constant for electron
acceptor [Ko/Oq]

L characteristic (system) length [L]
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M biomass concentration [M/L3]

Mo initial biomass concentration [M/L?]
o] electron-acceptor concentration [M/L3]
(0} relative electron-acceptor concentration [O/Og]

Peclet Number [vL/D]

Darcy velocity [L/T]

Retardation factor [1 + pKy/0]

time [T]

t residence time [L/V]

pore volumes or hondimensional time [tv/L]
pore-water velocity [L/T]

distance [L]

relative distance [x/L]

yield coefficient for microorganisms [M/M]
(biomass produced/mass of substrate de-
graded)
€ effective substrate degradation rate coefficient
[mLMo(VYCo)™1]

€m effective biomass growth rate coefficient [umnL/
vl

€o effective electron acceptor consumption rate
coefficient [youmMoL(Ogv) 1]

P bulk density of porous medium [M/L3]

specific growth rate of microorganism [1/T]

Um maximum specific growth rate of microorganism
[1/T]

Y0 stoichiometric coefficient equal to the mass of

electron acceptor utilized by microorganisms

per unit mass of “substrate” degraded

fractional volumetric water content
Xz relative substrate utilization coefficient [M/YCo]

~ 0 Qo

< X x < o
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