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Abstract

For aerobic co-metabolism of chlorinated solvents to occur, it is necessary that oxygen, a primary substrate, and
the chlorinated compound all be available to an appropriate microorganism — that is, a microorganism capable of
producing the nonspecific enzyme that will promote degradation of the contaminant while the primary substrate is
aerobically metabolized. Thus, the transport processes that serve to mix the reactants are crucial in determining the
rate and extent of biodegradation, particularly when considering in sifu biodegradation. These transport processes
intersect, at a range of scales, with the biochemical reactions. This paper reviews how the important processes
contributing to aerobic co-metabolism of chlorinated solvents at different scales can be integrated into mathematical
models. The application of these models to field-scale bioremediation is critically examined. It is demonstrated
that modeling can be a useful tool in gaining insight into the physical, chemical, and biological processes rele-
vant to aerobic co-metabolism, designing aerobic co-metabolic bioremediation systems, and predicting system
performance. Research needs are identified that primarily relate to gaps in our current knowledge of inter-scale
Interactions.

Introduction lack of methods to efficiently mix contaminant, mi-
croorganisms, electron donors and acceptors must be
considered as perhaps the most significant engineer-
ing limitation in implementing in sifu bioremediation
(McCarty & Semprini, 1993).

Aerobic co-metabolism of chlorinated solvents in
the field involves complex interactions of the physical
transport processes discussed above, occurring over
a wide range of scales, with biological and chem-
ical processes that occur at relatively small scales.
Due to the complexity of these interactions, the vari-
ety of phenomena involved, and the range of scales
being considered, modeling is the most effective ap-
proach to gaining understanding of relevant processes,
designing bioremediation systems, and predicting sys-

As has been discussed in accompanying papers in
this issue (Arp & Hyman, 2000; Alvarez-Cohen &
Speitel, 2000), aerobic co-metabolic bioremediation is
dependent on a primary substrate (the electron donor),
dissolved oxygen (the electron acceptor), nutrients, a
contaminant, and microorganisms being brought to-
gether. The microorganism, in the presence of the
electron donor and acceptor, is induced to produce
a nonspecific enzyme that will fortuitously promote
degradation of the contaminant. Subsurface transport
processes that serve to bring together microorganism,
electron donor, acceptor, and contaminant, thus play a
crucial role in determining the rate and extent of con-

taminant co-metabolism. These processes occur over
scales that range from the microbial cell and the hy-
drodynamic boundary layer (um) to the scale of the
site (10-1000 s of meters) (Sturman et al., 1995). The

tem performance. In particular, models may be crucial
in convincing regulators, site owners, and the public
of the relative benefits of implementing aerobic co-
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metabolic bioremediation to remediate a chlorinated
solvent contaminated site (McCarty et al., 1998).

The purpose of this article is to review how
the important processes contributing to aerobic co-
metabolism of chlorinated solvents at different scales
can be integrated into one or more mathematical mod-
els. The application of these models to field-scale
bioremediation is critically examined. Research needs
are identified that primarily relate to significant gaps or
inadequacies in our current knowledge of inter-scale
interactions.

Background

A general partial differential equation describing ad-
vective/dispersive transport in the subsurface, modi-
fied to include sorption, filtration of microorganisms,
and biotransformation is (e.g., Javandel et al., 1984;
Fetter, 1992):

aC ~ Pp 08
— = V- (DVC—vC)—————Rfit— Rbio — Rmicro;
at € Ot

(L
where C = concentration (of solute or microorganism)
in aqueous phase (ML 3); ¢ = time (T); D = dispersion
tensor (L2T~1); S = sorbed mass of solute per mass of
aquifer solid (-); pp = bulk density of aquifer solids
(ML_3); € = porosity of aquifer material (-); Rpio =
rate of biotransformation of solute (ML_3T_1); Rt
= rate of filtration of microorganisms (ML_3T_1);
Rumicro = net rate of microbial growth (ML_3T_1), and
the average pore water velocity vector (v) in Equation
(1) is determined by Darcy’s Law:

V= TKgrad(h), 2)
where K = hydraulic conductivity tensor (LT™!); h =
hydraulic head (L).

Equations (1) and (2) are general, and may be used
to describe groundwater transport of dissolved con-
taminant, electron donor, electron acceptor, nutrient,
or microorganisms. The (pp/€)(9S/9t) and Ryp;, terms
apply to solute transport, whereas the Rgy; and Rpicro
terms apply to microbial transport.

In order to gain a better understanding of the im-
pact of transport processes on aerobic co-metabolism,
it is useful to define scales of observation. Following
Sturman et al. (1995), we define the microscale as
the scale at which chemical and microbiological phe-
nomena may be characterized independent of transport

(physical dimension ~ 107% — 107> m). The fourth
(Ryio) and fifth (Rpjcro) terms on the right hand side of
Equation (1) are source/sink terms representing trans-
formations that occur at the microscale. Sturman et
al. (1995) define the mesoscale as the scale at which
transport phenomena and system geometry become
first apparent (physical dimension ~ 107> — 1072 m).
The second (pp/€)(0S/0t) and third (Rgy) terms on
the right hand side of Equation (1) represent sorption
of solutes and filtration of microorganisms, phenom-
ena which occur at the mesoscale. Finally, the first
term on the right hand side of Equation (1) repres-
ents advection and dispersion, which are macroscale
phenomena (physical dimension > 1072 m). Fig-
ure 1 illustrates these scales, and the relevant processes
associated with each of them.

Review of topic

Using the above definitions of scale as a guide,
the following sections examine how transport pro-
cesses, acting at different scales, impact aerobic co-
metabolic bioremediation of chlorinated solvents. The
subsequent discussion addresses how models may be
used to integrate the processes occurring at different
scales to analyze the potential for in situ bioremedi-
ation in the field, to gain understanding for proper
system design, and to predict system performance.

Macroscale

Advection/dispersion
Advection refers to transport due to the motion of
the flowing groundwater while dispersion is a mix-
ing phenomenon, where water with a solute is mixed
with water without the solute, thereby reducing the
concentration of the solute and spreading the zone
of contamination. Dispersion is caused by molecular
diffusion (at the micro and mesoscales), differences
in velocity as water flows through intergranular pore
spaces (at the mesoscale), and differences in flow rate
as water passes through geological strata with differ-
ing hydraulic conductivities (at the macroscale). As
dispersion due to hydraulic conductivity heterogeneity
typically dominates field-scale transport (unless the
aquifer is exceptionally homogeneous or the scale of
interest is very small), the following discussion will
focus on this macroscale phenomenon.

The enhancement of in situ aerobic co-metabolism
of chlorinated solvents often involves the addition of
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Figure 1. Scales of observation pertinent to in situ bioremediation (after Sturman et al., 1995).

electron donors and oxygen. Since groundwater flow
is essentially laminar flow, the absence of turbulent
conditions in the subsurface means that little mixing
occurs when a chemical is injected into an aquifer. The
limited mixing during simple injection of a chemical
means that only a narrow portion of a contaminant
plume can be treated, thereby diminishing the use-
fulness of an engineered in sifu approach. As noted
earlier, one of the most crucial requirements in imple-
menting in situ bioremediation is having the ability to
efficiently mix contaminant, microorganisms, electron
donors and acceptors (McCarty & Semprini, 1993).
Lang (1995) reviewed methods that have been used
to promote mixing (macroscale dispersion). A com-
mon strategy, the injection of electron donor and ac-
ceptor enriched water into contaminated groundwater,
is problematic because, due to advection, groundwater
containing the contaminants will be displaced by the
injected water. Mixing of contaminant and electron
donor/acceptor will be limited to the zone around the

edges of the injected water where the injected water
and the contaminant plume mix due to dispersion (Fig-
ure 2). In an attempt to overcome this problem and
promote mixing, various schemes have been proposed
and implemented to inject donor/acceptor into recircu-
lating groundwater. Recirculation may be established
by an injection/extraction two-well system (McCarty
et al., 1991), by a dual-screened single-well system
(Herrling et al., 1991; Semprini et al., 1992), or by a
pair of dual-screened wells (McCarty et al., 1998).
The consequences of dispersion have been ex-
ploited by bioremediation system designers to con-
trol mixing of the primary substrate with the elec-
tron acceptor and contaminant. Since the presence of
primary substrate competitively inhibits contaminant
co-metabolism (Arp & Hyman, 2000), it is disad-
vantageous to continually inject primary substrate into
contaminated groundwater. To deal with this prob-
lem, investigators attempting to implement aerobic
co-metabolism in the field have injected short pulses
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Figure 2. Mixing of electron donor/acceptor and contaminant using an injection and extraction well (after Lang, 1995).

of primary substrate at high concentration (Hopkins &
McCarty, 1995; McCarty et al., 1998) while continu-
ously injecting electron acceptor. Since the primary
substrate, electron acceptor, and contaminant are only
present simultaneously for a short time (the duration
of the pulse), competitive inhibition is minimized.
As the primary substrate pulse moves through the
aquifer, it spreads due to dispersion, mixing with
the electron acceptor and contaminant and undergoes
a gradual reduction in concentration. Thus, primary
substrate is supplied to microorganisms far from the
injection well. Using a strategy of continuous injection
of electron donor and acceptor, which doesn’t rely on
dispersive mixing, these outerlying microorganisms
might never be supplied with primary substrate, as
the substrate would be consumed by organisms close
to the well. Pulsing thus has the added advantage of
slowing microbial growth close to the well, thereby
reducing the potential for clogging (i.e., biofouling).

Figure 3 shows model simulations of two bioremedi-
ation systems, one with pulsed pumping of primary
substrates, the other with continuous addition of sub-
strate. Although the time-averaged concentration of
substrate added is the same for both systems, Figure
3 shows that the contaminant concentrations measured
at a downgradient well are lower for the pulsed system
than for the continuous system. Figure 4 shows that the
microbial growth in the continuous system is closer
to the injection well and at higher concentration than
for the pulsed system, so that biofouling might be a
concern.

Figures 3 through 5 depict the impact of the
primary substrate pulsing schedule on bioremediation.
The numerical model used to create the figures com-
bines a three-dimensional steady-state groundwater
flow model with a transport model that includes ad-
vection, dispersion, equilibrium or rate-limited sorp-
tion, and co-metabolic biodegradation and microbial



400

131

L 4
L 4

350 1

300

N
[4)]
o

Mass TCE Degraded (g)
- N
(o] [e)
(o) o

100

50 1

L 4

Y T

4 6 8

Primary Substrate Pulse Length
(Hours per 8 hours)

Figure 3. Degraded TCE mass after 200 days of operation vs. primary substrate pulse length (time-averaged primary substrate concentration =

8.5 mg/L).

growth kinetics. The submodel used to describe the
microscale co-metabolic biodegradation and micro-
bial growth processes is after Semprini and McCarty
(1992). The submodel incorporates dual-Monod kinet-
ics, competitive inhibition, and microbial deactivation
(see Table 1). The scenario modeled is based on
the full-scale evaluation of in sifu aerobic cometa-
bolic bioremediation at Edwards AFB (McCarty et al.,
1998), where two dual-screened biotreatment wells
were used to capture and treat trichloroethylene (TCE)
contaminated groundwater. Hydrogeological and sys-
tem parameters used in the model were taken from
McCarty et al. (1998), while microbiological para-
meters were based on typical values presented in
Semprini & McCarty (1991, 1992) and Jenal-Wanner
& McCarty (1997). In the figures, the time-averaged
primary substrate concentration is the same for all
primary substrate pulse times. At very short pulse
times (corresponding to high actual primary substrate
concentrations) the mass of TCE degraded over 200
days of operation is relatively low (Figure 3). The

reason for this is shown in Figure 4. At very short
pulse times, microbial growth near the well is min-
imal, since primary substrate is available to promote
growth for only a very short period of time and dur-
ing that period, the electron acceptor concentration
is much lower than the primary substrate concen-
tration. When such a pulsing strategy of very short
pulses of high primary substrate concentration is ap-
plied, model simulations show that the concentration
of primary substrate downgradient from the treatment
system is significant (Figure 5). This may be of con-
cern if a potentially hazardous primary substrate (e.g.,
toluene) is used. Figure 3 also shows that as the
addition of primary substrate becomes nearly continu-
ous (right-hand portion of the graph), contaminant
mass degradation is also decreased, presumably due
to competitive inhibition. Figure 4 shows that nearly
continuous input of primary substrate also leads to
high concentrations of microorganisms near the injec-
tion well, perhaps resulting in hydraulic conductivity
reductions (i.e., bioclogging).
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Figure 4. Microorganism concentration at the injection well after 200 days of operation vs. primary substrate pulse length (time-averaged

primary substrate concentration = 8.5 mg/L).

Figures 3 through 5 also serve to demonstrate
how models may be useful in designing bioremedi-
ation systems. The model used to develop Figures
3 through 5 incorporates macroscale advection and
dispersion, in three-dimensions, and microscale phe-
nomena accounting for microbial growth and decay,
and contaminant co-metabolic kinetics (including the
effect of competitive inhibition). Not accounted for
in the model are reductions in hydraulic conductivity
that may accompany microbial growth. The results
in Figure 4 suggest this may be an important pro-
cess to incorporate into a future version of the model.
The model results clearly demonstrate the efficacy of
a pulsing strategy, and the relative insensitivity of
mass degradation to primary substrate pulsing times,
outcomes that may not have been apparent without
conducting the modeling effort. The results depicted
in Figure 5 indicate that after an initial startup period,
downgradient concentrations of primary substrate are
minimal. However, the model also shows that after
months of operation, primary substrate concentra-

tions may rise. This may be problematic, especially
if the primary substrate is a potentially hazardous sub-
stance. The model results in Figure 5 may be useful
in helping to design monitoring strategies (for ex-
ample, in this case, long-term monitoring for primary
substrate downgradient appears to be essential, even
though short-term monitoring may indicate complete
degradation of the primary substrate).

Mesoscale

Bioavailability (sorption/desorption and dissolution)

Field bioremediation rates may be limited by the
availability of one of the necessary constituents for
biotransformation: co-substrate, contaminant, elec-
tron acceptor, nutrients, or microorganisms capable
of degrading the target compound. Since chlorinated
solvents do not tend to sorb to subsurface materi-
als as readily as many other hydrophobic hazardous
chemicals (e.g., PAHs, PCBs, and pesticides) (Bedi-
ent et al.,, 1994), kinetic models for in situ aerobic
co-metabolism of chlorinated solvents are generally
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Reference Macroscale Mesoscale Microscale
Kindred & 1. 1-D advection/dispersion 1. Equilibrium sorption 1. Monod kinetics
Celia (1989) 2. Homogeneous 2. Immobile bacteria
Semprini & 1. 1-D advection/dispersion 1. Equilibrium and first-order sorption 1. Dual Monod kinetics
McCarty (1992) 2. Homogeneous kinetics 2. Competitive inhibition
2. Immobile bacteria 3. Microbial deactivation
Tompson et al. 1. 1-D advection/dispersion 1. No sorption 1. Monod Kinetics (resting state)
(1994) 2. Homogeneous 2. Immobile bacteria 2. Microbial deactivation
De Blanc et al. 1. 3-D advection/dispersion 1. Equilibrium sorption 1. Triple Monod kinetics
(1996) 2. Homogeneous 2. Mobile and immobile bacteria 2. Competitive inhibition
3. Equilibrium and first-roder 3. Degradation product toxicity
partitioning between dissolved and
separate phase contaminant
Travis & 1. 3-D advection/dispersion 1. Equilibrium and first-order sorption 1. Triple Monod kinetics
Rosenberg (1997) 2. Vadose zone transport kinetics 2. Competitive inhibition
3. Two-phase flow 2. Immobile bacteria 3. Degradation product toxicity
4. Heterogeneous 4. Protozoan predation
Lang et al. 1. Pseudo 2-D advection/dispersion 1. Equilibrium and First-order sorption 1. Dual Monod kinetics
(1997); McCarty 2. Homogeneous kinetics 2. Competitive inhibition
et al. (1998) 2. Immobile bacteria 3. Microbial deactivation
Oya et al. (1997) 1. 1-D advection/dispersion 1. Equilibrium and first-order sorption 1. Dual Monod kinetics
2. Homogeneous kinetics 2. Competitive inhibition
2. Mobile and immobile bacteria 3. Degradation product toxicity

developed for the co-substrate and contaminant as
limiting constituents (see paper by Alvarez-Cohen &
Speitel, 2000). However, the influence of sorption in
aquifers is sufficient to retard the rate at which chlor-
inated solvents move in groundwater relative to the
rate of groundwater movement (Ball et al., 1997a). In
situations where hydrophobic compounds are exposed
to sediments for long periods, the rate and extent of
biodegradation can be limited by sorption and reduced
bioavailability (Mihelcic et al., 1993; Zhang et al.,
1998).

Prolonged exposure to subsurface solids allows hy-
drophobic compounds, such as chlorinated solvents,
to sorb to intraparticle organic carbon. This sorption
reduces the fraction of the compound in the bulk water.
Over long contact time, the sorbing pollutants slowly
diffuse into the inorganic and organic solid matrix and
may also form bound residues. Most evidence indic-
ates the uptake of compounds by bacteria proceeds
via the liquid phase. Consequently, a process such
as sorption or volatilization that reduces the solution
concentration tends to reduce the biotransformation
rate. Furthermore, the accumulation of contamin-
ants in fissures and cavities within subsurface solids

renders them inaccessible to microorganisms and their
enzymes. These processes decrease the bioavailability.

The presence of chlorinated solvent contamination
in heterogeneous subsurface environments also cre-
ates a bioavailability issue. The less-permeable strata
(e.g., silt and clay aquitards) become contaminated
during prolonged exposure to contaminated ground-
water moving through the permeable strata (e.g., sands
and gravels) (Ball et al., 1997b). Molecular diffusion is
typically the dominant contaminant transport process
controlling the contamination of the aquitards. Slow
diffusion from the contaminated zones often becomes
the limiting factor affecting biodegradation rates or
the performance of other remedial technologies (e.g.,
pump and treat).

In systems where a pure organic phase (NAPL) is
present, bioavailability will be controlled, in part, by
the rate at which compounds dissolve from the NAPL.
In locations where free NAPL is absent, sorptive
processes may ultimately control bioavailability. The
model described in this paper considers bioavailability
through the coupling of sorption and biodegradation
processes. The second term on the right hand side
of Equation (1) accounts for sorption kinetics. Typ-
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Figure 5. Primary substrate concentration at a downgradient monitoring well vs. time for two primary substrate pulsing strategies

(time-averaged primary substrate concentration = 8.5 mg/L).

ically, sorption kinetics are described by a first-order
rate expression or by Fick’s law of diffusion. NAPL
dissolution kinetics are also frequently described us-
ing a first-order rate expression. Thus, although the
second term on the right hand side of equation (1) is
specifically written for sorption, the same mathemat-
ical formulation may be used to describe dissolution
of a NAPL.

The impact bioavailability can have on the opera-
tion of an aerobic chlorinated solvent bioremediation
system is shown in Figure 6. The model and para-
meter values are the same as were used in Figures 3
through 5. Simulations are based on the conditions
at the Edwards AFB test site (McCarty et al., 1998).
Two groundwater circulation wells pump TCE con-
taminated water with no regional flow to simulate a
pseudo-batch system. Toluene is injected in the wells
as the primary substrate. TCE co-metabolism occurs
in the bioactive zones that form around the injec-
tion screens of the two wells. Three scenarios are
compared in Figure 6: (1) no sorption (100% bioavail-
ability), (2) equilibrium sorption (instantaneous and
completely reversible), and (3) rate limited sorption

(least amount of bioavailable TCE; first-order sorption
rate constant of 0.01/day). The greatest persistence of
TCE (slowest bioremediation) occurs under the rate-
limited case. The TCE degraded for the rate-limited
case lags the equilibrium sorption case on the order of
100 days.

Additional insight into the influence of bioavailab-
ility on bioremediation is shown by the breakthrough
response depicted in Figure 7. Figure 7, which uses
the model and parameter values used to create Fig-
ures 3 through 5, compares two scenarios, one where
equilibrium transport of contaminant is assumed, the
other where desorption of sorbed contaminant (or al-
ternatively, dissolution of contaminant in the NAPL
phase) is rate-limited. Other than the rate of sorp-
tion, the two scenarios are identical. A first-order
expression is used to represent mass transfer kinetics.
Figure 7 shows that although sorption kinetics have
a short-term impact on contaminant concentrations
downgradient of the treatment system (earlier break-
through and tailing), in the long-term, as the system
approaches steady-state, downgradient concentrations
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simulated by equilibrium and kinetic sorption models
are the same.

Additional information on theoretical and experi-
mental issues surrounding the influence of mass trans-
fer rate on the overall biodegradation is presented else-
where (Alexander, 1995; Bosma et al., 1997; Zhang et
al., 1998).

Microbial transport

Modeling the dispersal of indigenous and introduced
bacteria may be of interest for bioremediation. Such
modeling has particular application if the appropri-
ate, naturally occurring microbial populations are not
present, and introduction of a variety of microbial
strains carrying genes encoding the requisite meta-
bolic pathways is attempted. At the mesoscale, filtra-
tion theory (Yao et al., 1971; Rajagopalan & Tien,
1976) has been widely used to model the transport
of bacteria in porous media (Harvey & Garabedian,
1991; Gross et al., 1995; Martin et al., 1996). The
rate of removal of bacteria due to filtration in porous
media, that is, the Ry term in Equation (1), is given
by:

3(1—e)q
Ry = —-—22
filt ) de

where € = media porosity; « = collision efficiency; n
= collection efficiency; g = superficial fluid velocity
(L/T), Cmicrobe = concentration of microorganisms in
the fluid phase (M/L3) and d = collector or filter grain
size (L). The value of 5 is typically calculated using
the semiempirical expression of Rajagopolan & Tien
(1976):

a1 Cricrobe » 3)

1/3 ,—2/3

n =44, N;, 17

+ AN 4+3.38x 103 ANEAN 04,

“)
where Ay = Happel’s flow field factor = 2(1—p°)/(2—
3p 4+ 3p> — 2p%), in which p = (1 — e)'/3; Npe
= Peclet number = 6m papqd/kpyT,, in which p =
fluid viscosity (M/LT), a, = particle radius (L), kp =
Boltzmann constant (Joules/K), T, = temperature (K);
Nio = London group = H /97 pazg, in which H =
Hamaker constant (ML2/T?); Ny = relative size group
=ap/ac, in which a. = collector radius (L); and N¢g
= gravity group = Za[%(p,, — p)g/9¢q, in which p, =
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Figure 7. TCE concentration breakthrough at well downgradient of treatment system.

particle density (M/L3), p = fluid density (M/L3), and
g = gravitational constant (L/T2).

The collision efficiency « is defined as the rate bac-
teria stick to a soil grain to the rate they collide. The
level of « is controlled by cell-solid interactions and
by the amount of previously attached bacteria (Rijn-
aarts et al., 1996). The attached bacteria can reduce
deposition by blocking a part of the collector surface.
An expression for the collision efficiency that includes
blocking becomes:

o = op(l — BY), (5)

where o is the clean bed collision efficiency, B is
the blocking factor, and 6 is the fraction of surface
covered.

Using parameters typical for subsurface systems,
the filtration equation demonstrates that a major im-
pediment to introduction of microorganisms is that
the soil acts as an efficient filter and reduces the con-
centration of suspended bacteria by several orders of
magnitude within 10 to 100 cm of the injection point
if the « value is between 0.01 and 1.0 (Martin et

al., 1996). The retention and growth of these bacteria
over such a short distance can lead to clogging of
the well and aquifer, ultimately causing failure of a
bioremediation process.

Microscale

The solute transformation reactions accounted for by
the fourth term (Rpio) on the right hand side of Equa-
tion (1), and microbial growth and decay accounted
for by the fifth term (Rmjcro) Occur at the microscale.
Models characterizing these processes, as well as the
interaction between solute consumption and micro-
bial growth, have been described in detail elsewhere
(e.g., Arp & Hyman, 2000; Alvarez-Cohen & Speitel,
2000), and will not be discussed here.

Process modeling

Several mathematical models have been proposed
with application to in situ aerobic co-metabolism.
The attributes of these models that couple advect-
ive/dispersive transport with co-metabolic biodegrad-



ation kinetics are listed in Table 1. The table describes
the processes modeled at the micro-, meso-, and mac-
roscales, which are integrated to simulate spatial and
temporal patterns of contaminant distribution. As is
apparent from the table, some of the more recent
models incorporate more processes and complexity
in both the transport (meso- and macroscale) and
biodegradation (microscale) submodels.

McCarty et al. (1998) and Travis & Rosenberg
(1997) used models in conjunction with two field
evaluations of aerobic co-metabolic bioremediation
of TCE at Edwards AFB and Savannah River, re-
spectively. Let us look at how models were used to
design and implement the field evaluations and aid in
interpretation of the results.

When designing the dual-well field bioremediation
system at Edwards AFB, McCarty et al. (1998) defined
specific criteria to ensure that treatment effectiveness
could be evaluated within time and cost constraints.
The criteria they used were:

1. The direct flow path time from injection to extrac-
tion well should be 3-5 days.

2. After several months of operation, at least 80% of
the water treated at the injection well should have
arrived at the extraction well.

3. During several months of operation, TCE concen-
trations at the site should be demonstrably reduced.

Flow modeling was used to determine appropriate well
spacing and pumping rates to ensure the first two
criteria were met. The fate and transport model ref-
erenced in Table 1 (Lang et al., 1997; McCarty et al.,
1998) was then applied to ensure the third criterion
would be met for the conditions at the site and at
specified schedules for injecting primary substrate and
oxygen. Lang et al. (1997) used the fate and trans-
port model to calculate optimal primary substrate and
oxygen delivery schedules. Model simulations were
also used to help assure site regulators that the pro-
posed treatment system would eventually biodegrade
the toluene primary substrate that was added, as well
as capture and treat the TCE plume.

At the conclusion of the field evaluation, the
same fate and transport model that had been used to
design the experiment was used as an aid in inter-
preting results. The model simulations compared well
with the measured concentrations downgradient of the
treatment system (McCarty et al., 1998). Also, the
measured response of concentration with time in the
treatment zone near the injection wells was similar to
the modeled response. These results provide confid-
ence that the model captured the important processes
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(physical, chemical, and biological) that controlled
contaminant fate and transport in the field. Of course,
any modeling effort cannot hope to capture all relev-
ant processes in a field situation or have appropriate
values for all parameters, so further study is required.
Discrepancies between model simulations and obser-
vations may have been due to model assumptions
regarding homogeneity, steady flow, and problem two-
dimensionality, which almost certainly do not accur-
ately reflect reality. Also, important fate and transport
processes may have been overlooked in the model-
ing. For example, clogging of the injection wells most
likely from microbiological growth occurred period-
ically during the Edwards AFB demonstration. Al-
though the fate and transport model applied to the site
quantified the microbiological growth, the model did
not account for the effects such growth might have on
macroscale advective/dispersive transport.

Travis & Rosenberg (1997) developed a model to
retrospectively interpret the data from the 1992-1993
demonstration of aerobic co-metabolic bioremediation
at the Savannah River Site. In using the model to in-
terpret demonstration results, the investigators were
able to estimate difficult to measure quantities, such as
total mass of TCE degraded. Also, by running “what
if” simulations, for instance by turning off the biode-
gradation portion of the model but leaving the other
fate and transport processes operative, the investig-
ators could estimate the relative role biodegradation
played in the total remediation. In addition, sensit-
ivity analyses conducted using the model assisted in
the identification of the controlling parameters and
processes. A post-processor was used to present mod-
eling simulation results in a format that simplified
visualization and, therefore, aided in system conceptu-
alization and interpretation. The authors conclude that
their fate and transport model, particularly if coupled
with an optimization code such as that used by Lang
(1995), would be a very powerful tool in designing and
operating a treatment system.

As with the Edwards AFB modeling efforts,
model assumptions (for instance, assuming two-
dimensionality and ignoring small scale heterogeneit-
ies) likely contributed to discrepancies between model
simulations and field observations. Also, Travis and
Rosenberg (1997) noted that the impact of predation
by protozoa, which was modeled, is mathematically
similar to the impact of competition between species
of bacteria, which was not modeled. Such similarities
may lead one to wrongly conclude from a model sim-
ulation that closely reproduces observations that one
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process is important, when in fact, a totally different
process is controlling. A similar observation was made
by Nkedi-Kizza et al. (1984) who demonstrated that
the rate of sorption to aquifer solids due to either phys-
ical or chemical processes could be mathematically
described by identical formulations, so that the two
processes could not be distinguished using modeling
alone.

Knowledge gaps and research needs

The previous text has reviewed the role transport pro-
cesses play in aerobic co-metabolic bioremediation
of chlorinated solvents and has described the current
approaches to modeling those processes. The sec-
tion below addresses the knowledge gaps and research
needs in the area of transport modeling as it relates to
aerobic co-metabolism.

The understanding and quantitation of “intrascale”
phenomena is fairly advanced. For example, there
are numerous models that describe aspects of micro-
scale biodegradation kinetics of co-metabolism (com-
petitive inhibition, product toxicity, etc.) (Alvarez-
Cohen & Speitel, 2000). Similarly, at the meso-
scale and macroscale, modelers have relatively
sophisticated descriptions of transport processes
(advection/dispersion, sorption, bacterial attach-
ment/detachment, etc.). Major knowledge gaps ex-
ist, however, at the interfaces between processes and
scales. Submodels that incorporate the impact of bac-
terial growth on advective/dispersive transport have
not been used in models of aerobic co-metabolism,
though such submodels may provide insight into the
potential for bioclogging at injection wells. The inter-
actions between sorption and biodegradation phenom-
ena is also not well understood or modeled, although
such interactions can have significant impact on the
efficacy of co-metabolic bioremediation. As discussed
in the section on bioavailability, it is typically as-
sumed that sorbed contaminant is not bioavailable, and
that biodegradation and sorption act independently.
Recently, however, it has been hypothesized that sorp-
tion/biodegradation may be coupled, with the presence
of microbial cells serving to either enhance or suppress
sorption/desorption processes (Voice et al., 1997).

Another area of needed study deals with microbial
transport. Although models for microbial transport
in porous media have been derived from particle fil-
tration theories that have been in use for decades,
microbial transport submodels have never been incor-

porated into a model describing co-metabolic biore-
mediation (see Table 1). Microbial transport is an
important phenomenon to understand and model, es-
pecially if bioaugmentation is necessary to implement
co-metabolism in the field (Tompson et al., 1994) and
if microbial growth leads to clogging conditions.

The impact of heterogeneity on fate and transport
during aerobic co-metabolic bioremediation is also
deserving of further study. Although large-scale het-
erogeneities in hydraulic conductivity were modeled
at the Savannah River Site, small-scale heterogen-
eities that could induce channeling and significantly
affect fate and transport were not considered in the
model (Travis & Rosenberg, 1997). Past work has
also shown that sorption heterogeneity, and correlation
between heterogeneous sorption and hydraulic con-
ductivity, can have important impacts on contaminant
fate and transport (Allen-King et al., 1998). Models
that couple these processes with co-metabolism do not
presently exist, however.

In addition to the research needs discussed above
that deal with modeling specific phenomena or inter-
actions, there is also the need to develop a capability to
determine which process is important under given cir-
cumstances (site conditions and remedial objectives),
and hence, which process should be scrutinized in the
most detail during system modeling and design. For
instance, if a co-metabolic bioremediation system is to
be used as a barrier to contaminant transport, sorption
kinetics may not be a very important consideration
(Figure 7). In contrast, if the system is to be used to
remediate a volume of contaminated groundwater, and
a designer is concerned about time to reduce contam-
inant concentrations to a specified level, then sorption
kinetics may be extremely important. Equipped with
such information, a remediation practitioner can de-
cide whether gathering data on sorption kinetics is
worth the time and money, based upon site-specific
conditions and remediation objectives. Similarly, if
biodegradation kinetics are shown to occur relatively
rapidly when compared with the time-scale of the
treatment process, there is likely little need for accur-
ate determination of biodegradation kinetic parameters
and a steady-state approximation of biodegradation
performance may be adequate.

Summary

Establishing the feasibility of aerobic co-metabolism
of chlorinated solvents in the field is a complex task.



The various physical, chemical, and biological pro-
cesses involved occur over a wide range of scales.
Reaction kinetics are the primary concern at the mi-
croscale. At the mesoscale, sorption (especially the
influence on bioavailability), microbial filtration, and
interphase transport are of primary interest. At the
macroscale, flow- related processes of advection and
dispersion, along with the effects of field heterogen-
eities, can influence the rate and extent of in situ
bioremediation. Modeling facilitates the integration
of the complexity of the interactions, the variety of
phenomena involved, and the range of scales being
considered. The modeling examples from the Ed-
wards AFB (McCarty et al., 1998) and Savannah
River (Travis & Rosenberg, 1997) sites illustrate that
modeling is most effective for gaining understanding
of relevant processes, designing bioremediation sys-
tems, and predicting system performance. Important
knowledge gaps that merit further research include
quantitative relationships between microbial growth
and permeability reduction, interactions between sorp-
tion and biodegradation, the coupling of solute and
microbial transport, impact of heterogeneity on co-
metabolism, and criteria for selecting pertinent trans-
fer and transformation processes.
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