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Abstract

The objectives of this paper are to review the wide range of kinetic models that have been introduced to describe
the cometabolic oxidation of chlorinated solvents, to compare modeling approaches and associated experimental
data, and to discuss knowledge gaps in the general topic of cometabolism kinetics. To begin, a brief description of
the mechanism of oxygenase enzyme metabolism and its qualitative effects on cometabolic degradation kinetics
is given. Next, a variety of kinetic expressions that have been used to describe cometabolism, ranging from ad-
aptations of simple metabolic relationships to the development of complex equations that account for intracellular
concentrations of key reaction species, are presented. A large number of kinetic coefficients published for a variety
of oxygenase populations degrading a broad range of chlorinated solvents are categorized and compared. The
discussion section of the paper contains an exploration of knowledge gaps that exist in our understanding of the
kinetics of aerobic chlorinated solvent cometabolism. Specific topics covered include:

o the use of half saturation constants (Ks. and Kg) as estimates for inhibition constants (Kjsc and Kjsg) in
saturation modeling expressions,

o the specific nature of chlorinated solvent induced product toxicity and the capability for cells to recover from
toxic effects, and

e methods for incorporating reducing energy limitations into cometabolism models

Finally, the applicability of the broad range of kinetic modeling approaches to scale-up and field applications for
in situ bioremediation of chlorinated solvents is discussed.

Introduction

A wide range of chlorinated solvents can be micro-
bially degraded under aerobic conditions by means
of cometabolic transformation reactions. Cometabolic
transformations are reactions that are catalyzed by ex-
isting microbial enzymes and that yield no carbon
or energy benefits to the transforming cells (Horvath
1972). Therefore, a growth substrate must be available
at least periodically to grow new cells, provide an en-
ergy source, and induce production of the cometabolic
enzymes.

Cometabolism may occur relatively slowly in com-
parison to metabolism of growth substrates (Alexander

1994). Therefore, the kinetics of cometabolism can
be an important consideration in bioremediation ap-
plications. For example, the likelihood of degradation
kinetics, in contrast to mass transfer rates, controlling
the overall contaminant removal rate is greater with
cometabolism than with metabolism-based treatment
schemes. In addition, the requirement for growth sub-
strates in addition to cometabolic substrates and the
related stoichiometry make predictions of cometabolic
kinetics complex. Appropriate mathematical expres-
sions of the underlying phenomena are essential to
accurately describe cometabolism rates.

Biological degradation kinetics can be of major
practical importance for application of in situ re-
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mediation. Project costs and duration can be greatly
influenced by the kinetics of the dominant biological
reactions. Kinetic expressions are also important com-
ponents of fate and transport models, which are used to
plan and monitor site remediation, and to conduct risk
and exposure assessments. The kinetics of cometabol-
ism, however, are not entirely understood and can be
quite complex; as such, a variety of kinetic expressions
have been used to describe cometabolism, ranging
from adaptations of simple metabolism expressions to
the development of complex expressions that account
for a range of reaction factors.

The objectives of this paper are to review the wide
range of kinetic models that have been introduced to
describe the aerobic cometabolic degradation of chlor-
inated solvents, to compare modeling approaches and
associated experimental data, and finally to discuss
knowledge gaps in the general topic of cometabolism
kinetics.

Background

The aerobic cometabolic transformation of chlorinated
solvents involves oxygenase enzymes, molecular oxy-
gen, and a source of reducing equivalents, typically
NAD(P)H (see extensive discussion of this topic in
Arp et al. 2001). The oxygenase reaction generates
chlorinated solvent oxidation products that may react
with cellular macromolecules or may be hydrolyzed
spontaneously into carbon dioxide, chloride, or other
non-volatile products that are easily mineralized by
microorganisms (Little et al. 1988; Tsien et al. 1989;
Oldenhuis et al. 1989; Fox et al. 1990; Nelson et al.
1986, 1987; Rasche et al. 1991).

Chlorinated solvents can be oxidized by a wide
range of oxygenase-expressing microorganisms in-
cluding those that utilize methane (Wilson & Wilson
1985; Strand & Shippert 1986; Fogel et al. 1986; Little
et al. 1988; Tsien et al. 1989; Oldenhuis et al. 1989),
propane (Fliermans et al. 1988; Wackett et al. 1989;
Phelps et al. 1990), propene (Ensign et al. 1992), iso-
prene (Ewers et al. 1990), isopropylbenzene (Dabrock
et al. 1992), toluene (Nelson et al. 1986; Wackett et al.
1988; Zylstra et al. 1989; Shields et al. 1989), phenol
(Folsom et al. 1990; Harker & Kim 1990; Segar 1994),
butane (Wilson et al. 1988; Kim et al. 1997), and
ammonia (Arciero et al. 1989; Vannelli et al. 1990;
Rasche et al. 1991) as energy and/or carbon sources.

As is discussed in detail below and depicted in Fig-
ure 1, some of the factors that may adversely affect
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Figure 1. Generic oxygenase enzyme reactions with NAD(P)H
serving as reductant. Schamatics illustrate: (a) competitive inhib-
ition between growth and cometabolic substrates, (b) reductant
consumption and regeneration during growth substrate metabol-
ism, and (c) product toxicity exerted by transient intermediates of
cometabolic substrate oxidation.

the cometabolic degradation of chlorinated solvents
by oxygenase-expressing microorganisms include en-
zyme inhibition by growth or other cometabolic sub-
strates, chlorinated solvent product toxicity, and redu-
cing energy or reductant shortages.

Enzyme competition

Since enzymes that catalyze cometabolic reactions
have active sites that can react with a number of dif-
ferent substrates, including the primary substrate and
perhaps a wide range of cometabolic substrates, com-
petition for the active site may occur when multiple
substrates are simultaneously available (Figure la),
resulting in an apparent decrease in enzyme affin-
ity for each substrate (competitive inhibition). Con-
sequently, competition between growth substrate and
cometabolic substrate, or among different growth or
cometabolic substrates, can result in overall decreased
transformation rates of each substrate. Competitive in-
hibition between growth substrates and cometabolic
substrates has been observed for many oxygenase-
utilizing microorganisms (Suzuki et al. 1976; Nelson



et al. 1986; Lanzarone & McCarty 1990; Strand et
al. 1990; Saéz & Rittmann 1991; Broholm et al.
1990; Chang et al. 1993; Speitel et al. 1993; Keener
& Arp 1993; Malachowsky et al. 1994; Hyman et
al. 1995; Chang & Alvarez-Cohen 1995b). Further,
enzyme competition during the simultaneous degrad-
ation of multiple cometabolic substrates has resulted
in decreased degradation rates for each compound
(Alvarez-Cohen & McCarty 1991d; Palumbo et al.
1991; Segar & Speitel 1995; Dolan & McCarty 1995b;
Chang & Alvarez-Cohen 1997; Aziz et al. 1999).
Other types of inhibition have also been observed to
occur during the cometabolic oxidation of solvents.
Noncompetitive inhibition of growth substrate was ob-
served for an ammonia monooxygenase utilizing pure
culture degrading monohalogenated methanes, eth-
anes and chloropropane (Keener & Arp 1993), and
for a propane-oxidizing mixed culture degrading TCE
(Kennan et al. 1994). Noncompetitive inhibition in-
volves the independent binding of substrate and inhib-
itor to different sites on the enzyme causing a decrease
in maximum reaction rate without an associated de-
crease in substrate affinity for the enzyme. Inhibition
patterns that did not fit the classical models but that
suggested the presence of a secondary binding site
were observed for highly chlorinated solvents (car-
bon tetrachloride and tetrachloroethylene) that were
not degraded by the ammonia oxidizer (Keener & Arp
1993).

Reducing energy consumption

Oxygenase enzymes generally consume molecular
oxygen and reductants such as NAD(P)H or ubi-
quinone during the oxidation of both energy generat-
ing and cometabolic substrates (Gibson 1970; Large
et al. 1983; Burrows et al. 1984; Rasche et al. 1990).
Energy generating substrates, however, regenerate the
reductant during subsequent metabolic steps (Anthony
1982; Dalton & Higgins 1989), while cometabolic
substrates such as chlorinated organics do not (Figure
1b) (Wackett & Gibson 1988; Dalton & Stirling 1982).
Consequently, the rate and extent of cometabolic
transformation reactions occurring in the absence of
primary substrate may be limited by the availability
of reductant. Conversely, both the rate and extent of
cometabolic reactions can be enhanced in the presence
of growth or energy-producing substrates due to the
regeneration of reductant.

The simultaneous availability of primary substrate
can be beneficial during cometabolism from the view-
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point of regenerating reductant, but primary substrate
can also be detrimental to the cometabolism rate be-
cause of competitive inhibition between the primary
and cometabolic substrates. The conflicting processes
of reductant regeneration and competitive inhibition
inherent in oxygenase enzyme activity were recently
illustrated in a study that showed TCE degradation
rates of methane, propane, toluene, and phenol oxid-
izing cultures increased with addition of low growth
substrate concentrations (<0.1 mM) over those with
no substrate addition, while TCE degradation rates
decreased with addition of higher growth substrate
concentrations (>0.1 mM) (Chang & Alvarez-Cohen
1995a).

Some oxygenase expressing cultures can regen-
erate reductant by using alternate energy substrates
that are not oxidized by the oxygenase enzymes,
and therefore do not result in competitive inhibition
with either growth or cometabolic substrates (Dawes
& Senior 1973; Stirling & Dalton 1979; Olden-
huis et al. 1989; Tsien et al. 1989; Stensel et al.
1992). Examples include catabolic intermediates such
as formate for methanotrophs and propanol for pro-
pane oxidizers, or internal storage polymers such as
poly-B-hydroxybutyrate (PHB). The utilization of an
alternate energy substrate for the regeneration of re-
ductant allows cometabolic oxidations to be carried
out without limitations due to either reducing en-
ergy depletion or competitive inhibition. Eventually,
the growth substrate must be provided again, how-
ever, because oxygenase enzyme levels may diminish
and biosynthesis cannot proceed in the absence of
enzyme-inducing growth substrates.

Product toxicity

The cometabolic oxidation of chlorinated solvents by
a wide range of oxygenase enzymes can result in
product toxicity (Figure 1c) (Wackett & Householder
1989; Alvarez-Cohen & McCarty 1991a,d; Henry &
Grbic-Galic 1991; Oldenhuis et al. 1991; Stensel et
al. 1992; Ensign et al. 1992; Heald & Jenkins 1994;
Rasche et al. 1991). Although the specific chlorinated
solvent products responsible for the observed product
toxicity are not known, toxic effects have been shown
to include damage directly to the oxygenase enzymes
(Fox et al. 1990; Ely et al. 1997) as well as to general
cellular constituents (Wackett & Householder 1989;
Alvarez-Cohen & McCarty 1991d; Oldenhuis et al.
1991; Rasche et al. 1991; Hyman et al. 1995; van
Hylckama Vlieg et al.1997). Studies conducted with
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a wide range of oxygenase-utilizing cultures suggest
that both the extent of product toxicity and the mode
of action are highly variable across species and gen-
era (Arp & Hymen 2001). However, for the cultures
in which toxicity has been quantified, the attack of
toxic products on the enzyme and/or cellular materi-
als has resulted in activity and viability that decreases
in proportion to the amount of compound degraded
(Oldenhuis et al. 1991; Alvarez-Cohen & McCarty
1991a; Tompson et al. 1994; Fitch et al. 1996; Ely
et al. 1997; van Hylcklama Vlieg et al. 1997; Chu &
Alvarez-Cohen 1998).

Cometabolism Kinetics

Modeling approaches

Saturation kinetics

The kinetics of cometabolic degradation reactions
have been described by a number of different mod-
els, ranging from simple first-order reaction mod-
els to complex multi-substrate mixed order models.
The most commonly applied approach to cometabolic
modeling involves modifications to the saturation kin-
etic expression origninally derived from Michaelis-
Menten enzyme kinetics:

P ke XS )
‘ Kge + S¢°

where r. is the rate of cometabolic reaction (pmol or
mg L_ld_l); S., the cometabolic substrate concen-
tration (umol or mg L_l); k¢, the maximum specific
rate of cometabolic substrate degradation (iumol or mg
substrate (mg cells)~! d—!); X, the active microbial
concentration (mg cells L—1); Ky, the half-saturation
constant for the cometabolic substrate (umol or mg
L h.

With this approach, the rate of cell growth is typ-
ically expressed as a function of growth substrate
consumption and cell decay as follows:

keXSg
Ix=puX=Yrg—bX=Y—"—-—

—-bX, (2
Ksg + Sg

where ry is the net cellular growth rate («mol or mg
L1 d—b; W, the net specific cellular growth rate
(d‘l); rg, the rate of growth substrate consumption
(umol or mg L=! d~1); Y, the cellular yield of growth
substrate (mg cells (wmol or mg growth substrate) ~1);
S¢, the growth substrate concentration (umol or mg

L~y kg, the maximum specific rate of growth sub-
strate degradation (xmol or mg substrate (mg cells)~!
d_l); K;g, the half-saturation constant for growth
substrate (umol or mg L_l); b, the cell decay rate
(dh.

Pseudo first order model

The pseudo-first order rate model for cometabolism
is a simplification of saturation kinetics predicated
on the assumption that substrate concentrations (S;)
are significantly lower than half-saturation constants
(Kse):

re = —k1XSe, 3)

where k is the pseudo-first-order cometabolic degrad-
ation rate constant (L (mg cells)~! d=1).

In this expression, kj is equivalent to k./Ks. in
Equation (1). Incorporation of k. and Kj. into a single
term can be especially useful in the common situation
where these two parameters cannot be determined in-
dependently because of toxicity problems associated
with the high concentrations needed to achieve sat-
uration kinetics (Anderson & McCarty 1996; Smith
& McCarty 1996; Alvarez-Cohen & McCarty 1991b).
Many researchers have applied the pseudo-first-order
model to describe the cometabolic oxidation of chlor-
inated solvents when concentrations are relatively low
and both competitive inhibition and product toxicity
are not of concern.

Modeling multiple substrates (growth substrates and
multiple cometabolic substrates)

The enzyme inhibition caused by concurrent degrada-
tion of growth substrates and cometabolic substrates or
by multiple cometabolic substrates has generally been
modeled by including competitive inhibition terms in
the saturation kinetic expression for the degradation of
the growth and cometabolic substrates respectively as
follows (Broholm et al. 1992; Strand et al. 1990):

Xk,S
rg=-— = €
Ksg(1+ Se/Kive) + S
X
re = keSe )

- Ksc(l + Sg/Kisg) + Sc '

where K, is the inhibition coefficient for growth
substrate (wmol or mg L_l); K., the inhibition coef-
ficient for the cometabolic substrate (umol or mg
L™



An assumption derived from enzyme kinetics that
is commonly applied with respect to the above equa-
tions is that K;5c = Ky and K5, = Kyg. This
assumption is discussed below.

The simultaneous presence of more than one
competitive growth or cometabolic substrate can be
modeled in the manner of multiple independently-
operating competitive enzyme substrates (Cornish-
Bowden 1976), using a separate degradation equation
for each compound and replacing the competitive in-
hibition term (1 + S./Kjs.) with the more general
term

1+y s
J
J Kisc

as described previously for cometabolic oxidation re-
actions (Alvarez-Cohen 1993).

A number of researchers have used modifications
of the above expressions for competitive inhibition
to successfully model the degradation of chlorinated
solvents in the presence of growth substrate by a
range of oxygenase expressing organisms (Chang &
Alvarez-Cohen 1995b, 1997; Ely et al. 1995b; van
Hylckama Vlieg et al. 1996; Smith et al. 1997,
Tschantz et al. 1995; Chang & Criddle 1997; Ander-
son & McCarty 1994, 1996; Arcangeli & Arvin 1997;
Travis & Rosenberg 1997; El-Farhan et al. 1998; Yang
et al. 1999; Kelly et al. 2000).

Keenan et al. (1994) used the following noncom-
petitive inhibition model to describe the degradation
of TCE in the presence of growth substrate by a mixed
culture of propane oxidizers:

XkeSe

- . (6)
(Kse + Se)(1 + Sg/Kisg)

Te =

A conceptual model that incorporated both com-
petitive and noncompetitive inhibition into cometa-
bolic enzyme kinetics was derived and described by
Ely et al. (1995a):

X% S,
rg = — @)
ng(l + Sc/Kiscl) + Sg(l + Sc/KiSCZ)

Te = —

XKES,
Kisc1(1 + Sg/Kisg) +S:.(1+ SgKiscl/Kinging) ’
®)
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where k; is the maximum specific rate of growth
substrate consumption adjusted for enzyme inactiva-
tion and recovery (umol or mg substrate (mg cells)~!
d~!) (see Equation (12) for full expression); k¥, the
maximum specific rate of cometabolic substrate con-
sumption adjusted for enzyme inactivation and recov-
ery (umol or mg substrate (mg cells)~! d=1) (see
Equation (13) for full expression); K;s.1, the competit-
ive inhibition coefficient for the cometabolic substrate
(umol or mg L_l); K2, the noncompetitive inhibi-
tion coefficient for the cometabolic substrate (xmol or
mg L~1).

Although the general form of this model included
terms to account for either type of inhibition as shown,
the model was simplified for analysis and applied to
situations with competitive inhibition alone (Ely et al.
1995b; Ely et al. 1997).

Modeling product toxicity

Product toxicity associated with cometabolic oxid-
ations has been observed to cause cell activity to
decrease in proportion to the amount of compound de-
graded. This product foxicity is different from classic-
ally modeled product inhibition, in which cell activity
decreases in proportion to the accumulation of inhibit-
ory products (Aiba et al. 1968; Bazua & Wilke 1977).
With some exceptions, the products of chlorinated
solvent oxidation are transient, so they do not accu-
mulate appreciably. Rather, they exert toxicity either
while being formed or immediately after formation
(Arp & Hyman 2001). Product toxicity associated with
the cometabolic oxidation of chlorinated solvents has
been quantified in a number of different ways. Olden-
huis et al. (1991) introduced an inactivation constant,
p, that related the change in the maximum rate of
cometabolic substrate degradation to the amount of
cometabolic substrate being degraded as follows:

dke
ds,

D, 9)

where p is the inactivation constant (L (mg cells)~!
d=h.

The implication of this approach is that the toxic
effects function to decrease enzyme activity specific-
ally rather than affecting overall cellular functions.

A similar approach introduced by Alvarez-Cohen
& McCarty (1991b) utilized a transformation capa-
city (7,) term, a constant representing the amount of
compound degraded divided by the amount of cells
inactivated :
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ds.

X = 1., (10)
where 7T, is the transformation capacity for the
cometabolic substrate (umol or mg cometabolic sub-
strate (mg cells)_l); dS,, the change in cometabolic
substrate concentration during the reaction (xmol or
mg L_l); dX, the change in active cell concentration
during the cometabolic reaction (mg L")

The implication of this approach is that the toxic
effects function to decrease overall cellular functions
rather than affecting specific enzyme activity alone.

A related term, the transformation yield (7y), was
defined as the amount of cometabolic substrate de-
graded prior to cell inactivation divided by the amount
of primary substrate required to grow the cells, and is
calculated as YT, the cellular yield of growth sub-
strate (mg cells (umol or mg growth substrate)™!)
multiplied by the transformation capacity (Alvarez-
Cohen & McCarty 1991b). Ty is of considerable prac-
tical significance in that it provides an indication of
the amount of growth substrate needed, which directly
affects operating costs.

The distinction between the inactivation constant
and transformation capacity approaches is primarily
conceptual, with the inactivation constant represent-
ing the observed decrease in degradation activity as
a decrease in the maximum enzyme degradation rate
and the transformation capacity representing it as a
decrease in the active cell concentration.

The transformation capacity representation of
product toxicity has been incorporated into the sat-
uration Kkinetic expression to describe cometabolic
reaction rates occurring in the presence or absence
of growth substrate by defining the net specific cell
growth rate (i) as a function of cell growth due to
consumption of growth substrate (S;) and cell inac-
tivation due to product toxicity and cellular decay as
follows (Criddle 1993; Chang & Alvarez-Cohen 1995;
Anderson & McCarty 1996):

u=—-=v=2_—-_"<_p, (11)

An important aspect of this modeling expression
is that cometabolic oxidations may continue tempor-
arily in the absence of growth substrate until the
active cell mass (that is, cells with active oxygenase
enzymes) has been depleted due to the combined ef-
fects of product toxicity and cell decay. Modifications
of the above model incorporating the concept of a
transformation capacity have been used by a number

of researchers to effectively describe the cometabolic
degradation of chlorinated solvents by a number of
oxygenase expressing cells both in the presence and
absence of growth substrate (Alvarez-Cohen & Mc-
Carty 1991b, 1991d; Anderson & McCarty 1994,
1996; Chang & Alvarez-Cohen 1995b, 1997; Chang &
Criddle 1997; Tschantz et al. 1995; Smith et al. 1997;
Travis & Rosenberg 1997).

Ely et al. (1995a) derived a general cometabolic
model from enzyme kinetics that incorporated the
concept of an enzyme inactivation constant introduced
by Oldenhuis et al. (1991). This model explicitly in-
cludes terms representing the potential recovery of
enzyme activity following inactivation into the expres-
sion for maximum degradation rate (see Equations (7)
and (8) for general model form):

k; = kg - kinactP2 + krecPI (12)

k: = kc(kg — kinactP2 + krecPI)kg, (13)

where kinact 1S the specific enzyme inactivation coeffi-
cient (umol or mg substrate L. (xmol or mg cometa-
bolic oxidation product)_1 (mg cells)™! d_l); krec,
the specific enzyme recovery coefficient («xmol or mg
substrate L (wmol or mg growth oxidation product) ™!
(mg cells)_1 d_l); Py, the product of growth sub-
strate oxidation (umol or mg L_l); P>, the product
of cometabolic substrate oxidation (xmol or mg L~ h.

This model was used to effectively describe the
degradation of a range of chlorinated solvents by am-
monia oxidizers in the presence of growth substrate
(Ely et al. 1995b, 1997). A simplification of this
model was also used by Yang et al. (1999) to describe
TCE degradation by a nitrifying enrichment culture.
Although this model explicitly includes a term for en-
zyme recovery from toxic damage, it does not include
an expression for cell growth. Interestingly, while the
model was designed to incorporate cell repair rather
than cell regrowth in response to product toxicity, the
resulting recovery term is mathematically equivalent
to the cell yield term used for cell growth in the previ-
ously described models. For example, when Equation
(11) is used to incorporate cell growth and product
toxicity into the competitive inhibition model (Chang
& Alvarez-Cohen 1995), the resulting expressions for
substrate degradation (r, and r.) are the same as those
of the Ely model with the cell yield replacing the
enzyme recovery expression and the transformation
capacity replacing the enzyme inactivation expression:
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This mathematical equivalency led both groups to
define similar expressions for the ratio of growth
and cometabolic substrate concentrations required to
sustain long-term cometabolic reactions that balance
product toxicity with enzyme recovery or cellular
growth. The substrate ratio in the respective nota-
tions is given as follows (Ely et al. 1997; Chang &
Alvarez-Cohen 1995):

Sg S chsgkinact ~ chsg

Se 7 kgKgckee  YTokgKge

> (16)
Despite the mathematical similarity, the major con-
ceptual difference between the Ely et al. (1995a)
approach and the other models is that enzyme recovery
is de-coupled from cellular growth, allowing for the
possibility that enzyme recovery following toxic inac-
tivation may occur more rapidly and with less energy
consumption than cellular regrowth.

Tompson et al. (1994) took a slightly different ap-
proach to modeling cometabolic oxidation reactions.
They used the general saturation kinetic expression
(Equation (1)) modified with an exponential rather
than linear toxicity term to model TCE degradation
by methanotrophs in porous media. That is, instead
of describing the inactivation of cells due to product
toxicity as a zero-order function as described above
(Equation (10)), they used the following first-order
cellular decay expression:

ds. X,

dx X’
where v is the a positive dimensionless constant and
Xo is the initial active microbial concentration (mg
cells L™1).

This modeling approach was shown to fit the de-
gradation of TCE by a pure culture of methane ox-
idizers in the absence of growth substrate; however,
unlike the previously described models, it has not yet
been tested over a wide range of conditions.

A7)

Modeling reducing energy effects

Criddle (1993) and Chang & Criddle (1997) intro-
duced a cometabolic model that incorporated redu-
cing energy considerations into a modification of the
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saturation kinetic model. This model employs a stoi-
chiometric coefficient to couple the generation of re-
ductant to the consumption of growth substrate. The
comprehensive cometabolic model includes compet-
itive inhibition and a transformation capacity coef-
ficient as well as a growth substrate transformation
capacity (later referred to as the theoretical transform-
ation yield), T/, defined as the stoichiometric mass of
cometabolic substrate consumed per mass of growth
substrate consumed. The theoretical 7, was incorpor-
ated into the cometabolic degradation expression as
follows:

/ XS,
Fe = _(Tyrg"‘kc)Ki, (18)

SC + SC
where T is the stoichiometric transformation yield

(nmol cometabolic substrate (wmol growth substrate) ™ 1

This equation is based on the assumption that
cometabolic degradation rates are enhanced by the
generation of reductants caused by the degradation of
growth substrates. T}/, differs from the previously de-
scribed transformation yield, 7y, in that it represents
only the stoichiometric amount of growth substrate
consumed during a cometabolic degradation reaction
rather than the amount required to initially grow the
cells. The observed Ty’ was approximated by dividing
the rate of cometabolic substrate consumption by the
rate of growth substrate consumption: Téf = 1c/1g.
The model incorporating Ty’ was used by Chang and
Criddle (1997) to describe the degradation of TCE in
the presence of methane at several concentrations by a
mixed methane-oxidizing culture.

Sédez & Rittmann (1993) also incorporated redu-
cing energy consumption into cometabolism kinetics
by using a stoichiometric transformation yield that
linked growth substrate consumption to reducing en-
ergy generation, but added an explicit term for the
reducing energy generated by biomass oxidation as
follows:

re = Ty/rg — BbX, (19)

where § is the mass of cometabolic substrate oxid-
ized per mass of biomass oxidized (umol cometabolic
substrate (mg cells)™ b.

This expression was incorporated into a model that
included a Haldane type of substrate toxicity term for
the growth substrate:

re = _& (20)

52’
ng+Sg+K—1
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where K; is the inhibition constant for growth sub-
strate (umol or mg L~ h.

This model also included competitive and noncom-
petitive inhibition, but did not include either substrate
or product toxicity for the cometabolic substrate. The
model was used to describe the cometabolic degrad-
ation of 4-chlorophenol in the presence of phenol by
Pseudomonas putida PpG4, an aromatic degrading
bacterium.

Chang & Alvarez-Cohen (1995b) modeled redu-
cing energy effects by considering reductant to be a
potentially limiting substrate. That is, the saturation
kinetic expression for enzymatic degradation reactions
(Equation (1)) is based upon the concentration of the
limiting reactant. However, for oxygenase catalyzed
reactions, three reactants are actually involved, any
of which could be present in limiting concentrations.
The three reactants required for an oxygenase reaction
are the substrate (growth or cometabolic), reductant,
and molecular oxygen (Figure 1). Assuming for sim-
plicity that molecular oxygen is present in excess, the
saturation kinetic expression can be adjusted to incor-
porate the potential effects imposed by either substrate
or reductant as a limiting reactant as follows (Bailey &
Ollis 1986):

rsz—kX< S )( R ) @
Ks‘l'S KR"‘R

where rg is the rate of substrate degradation (umol
or mg L! d_l); k, the maximum specific substrate
degradation rate («mol or mg substrate (mg cells)~!
d_l); S, the growth substrate (Sg) or cometabolic
substrate (S.) concentration (©mol or mg L~ Y; K,
the half-saturation constant of substrate (umol or mg
L_l); R, the reductant electron equivalent concentra-
tion (mmol e~ L_l); KR, the half-saturation constant
of reductant (mmol e~ L™1).

Implicit in this expression is the assumption that
the substrate and reductant react with the enzyme at
two distinct active sites and that the binding of each
reactant is independent of the other.

Reductant can be regenerated in cells by means
of growth substrate or energy substrate mineralization
or by utilization of internal energy storage polymers
such as PHB. The following expression has been
introduced for use with Equation (21) in order to ac-
count for reductant consumption due to cometabolic
oxygenase reactions and regeneration due to degrad-
ation of growth or energy substrate over time dur-
ing cometabolic reactions (Chang & Alvarez-Cohen
1995b):

r'rR = Olg(_"g) —ac(=re), (22)

where rgr is the rate of reducing energy production
or consumption (mmol e~ L' d~1); r,, the rate
of growth or energy substrate consumption (umol or
mg L=! d71); r., the rate of cometabolic reaction
(umol or mg Lt dby; ag, the net stoichiometric
coefficient of reductant regeneration from the degrad-
ation of growth or energy substrate (mmol e~ (umol
substrate)_l); o, the net stoichiometric coefficient
of reductant consumption from the oxidization of
cometabolic substrate (mmol e~ (umol substrate) ™ 1).

This model was modified to incorporate compet-
itive inhibition between growth and cometabolic sub-
strates and product toxicity using the transformation
capacity approach, and applied to describe the degrad-
ation of TCE in the presence and absence of methane
and formate by a mixed methane-oxidizing culture.

Arcangeli & Arvin (1997) also employed an ex-
pression for a second reactant as the limiting substrate
in order to incorporate reducing energy effects into
competitive inhibition kinetics. They modeled the ob-
served increase in TCE degradation rates, caused by
small amounts of growth substrate, by making the
growth substrate a potentially limiting substrate to the
cometabolic substrate saturation kinetic expression as
follows:

Te =

Xk S, < S, ) o)
Kge(1+ Sg/Kisg) + Se ng + Sg '

Product toxicity was not incorporated into this model.
The Arcangeli and Arvin (1997) model was used to
describe the degradation of TCE by a toluene-enriched
biofilm operating over a range of TCE and toluene
concentrations. Although the model adequately de-
scribed general trends in degradation behavior, it was
incapable of predicting TCE removal in the absence of
growth substrate.

Kinetic coefficients

By far, trichloroethylene is the most widely stud-
ied chlorinated solvent in aerobic cometabolism, and
methanotrophs are the most widely studied bacteria.
Extensive work in particular has been done on the
methanotroph Methylosinus trichosporium OB3b and
its mutants. Methane monooxygenase (MMO) is the
non-specific enzyme in methanotrophs that catalyzes
cometabolism of chlorinated solvents. A number of



methanotrophs, including M. trichosporium OB3b,
produce two forms of MMO: soluble MMO (sMMO)
and membrane bound or particulate MMO (pMMO).
sMMO has been shown to catalyze much more rapid
cometabolic degradation rates than pMMO; however,
sMMO is only produced in the wild type organism at
very low copper concentrations (<16 pg/L) (Tsien et
al. 1989).

A sampling of kinetic coefficients for TCE cometa-
bolism by methanotrophs is provided in Table 1. The
maximum specific degradation rate (k.), the half sat-
uration coefficient (Ks.), the pseudo-first-order rate
constant (k; = k./Ksc), the transformation capa-
city (T¢), and the transformation yield (7)) are lis-
ted, as reported in or calculated from various stud-
ies. TCE degradation has most often been charac-
terized by pseudo-first-order kinetics, so examination
of ky values is the easiest way to make comparisons
among organisms. On this basis, M. trichosporium
OB3b, its copper-resistant mutants (e.g., PP358), and
mixed cultures having substantial genetic similarity
to M. trichosporium OB3b (Alvarez-Cohen & Mc-
Carty 1991a,b,d; Chang & Alvarez-Cohen 1996) gen-
erally have the highest reported rate constants. M.
trichosporium OB3b expressing pMMO has a sub-
stantially smaller rate constant, ranging from non-
measurable to about 10% of that found with sMMO.
Lontoh & Semrau (1998) recently demonstrated that
copper plays an important role in pMMO cometabol-
ism of TCE, in addition to its well-known role in
controlling sSMMO expression. At copper concentra-
tions of 50 to 300 ug/L, TCE cometabolism was quite
slow; however, the cometabolism rate increased con-
siderably at a copper concentration of 1.3 mg/L. In
most natural environments, the copper concentration
is less than 150 pg/L (Forstner & Wittman 1979);
therefore, slow pMMO cometabolism rates would be
expected.

The majority of known methanotrophs cannot pro-
duce sSMMO (Murrell 1992; Hanson & Hanson 1996).
Therefore, the uncharacterized mixed cultures repor-
ted in Table 1 may be expressing pMMO, especially
the ones grown in the presence of significant amounts
of copper. Although some exceptions are listed in
Table 1, relatively small rate constants are typical
of pMMO cometabolism (DiSpirito et al. 1992; Lo-
htoh & Semrau 1998). Rate constants on the order of
0.1 to 1% of the maximum values measured for M.
trichosporium OB3b are typical.

The presence of formate generally leads to higher
rate constants relative to no external source of redu-
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cing energy, illustrating the importance of adequate re-
ductant in cometabolism. The presence of the growth
substrate, methane, can cause complex effects due to
the duel phenomena of enzyme inhibition and gener-
ation of reductant. That is, the presence of methane
generally causes the apparent k; to decrease due to
competitive inhibition (Speitel et al. 1993); however,
this effect may be partially or entirely counteracted by
the rate increase caused by the generation of reductant
and production of new enzymes and cells caused by
degradation of the growth substrate.

With respect to in situ cometabolism of TCE, k;
values at the lower end of the range reported in Table 1
are probably most realistic for typical field conditions
given the usual concentrations of copper encountered
in the environment and the likelihood that organisms
will be expressing pMMO. For example, Semprini &
McCarty (1992) used a k1 of 0.025 L/mg-day to model
TCE removal observed during field tests at Moffett
Field. The large rate constants obtained with special-
ized organisms and highly controlled environmental
conditions might be possible in engineered reactors,
but are unlikely in the less controlled environment
associated with in situ bioremediation.

The TCE transformation capacity generally ranges
from 25 to 150 pug TCE/mg cells (Table 1), al-
though some larger values have been measured for
M. trichosporium OB3b and similar mixed cultures.
Since T, is a measure of the cumulative effects of
product toxicity while initial degradation rates are kin-
etic measurements of enzyme efficiency, correlation
between these two parameters should not be expec-
ted. In fact, correlations between T, values and initial
TCE degradation rates (those that are the least af-
fected by product toxicity) have generally not been
observed for methanotrophs (Oldenhuis et al. 1991;
Chang & Alvarez-Cohen 1996; Smith et al. 1997; Chu
& Alvarez-Cohen 1998). However, measured degrada-
tion rates can be severely impacted by the diminishing
effects of product toxicity. Therefore, it is important to
consider product toxicity when reporting reaction kin-
etics by either reporting initial rate measurements or
by incorporating toxic effects into the kinetic applied
kinetic model.

As expected, measured transformation yields are
also quite consistent ranging from 15 to 50 ug
TCE/mg methane for a variety of cultures. As with
the transformation capacity, the transformation yield
for M. trichosporium OB3b and a genetically similar
mixed culture is considerably larger than for the other
cultures.
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Table 3. Selected kinetic coefficients for TCE cometabolism by other bacteria

Reference

T,

ky

Kse

ke

Temperature
°O

Initial TCE  Additional

Organism/condition

(ng/mg)!

(ng/mg)

(mg/L)  (L/mg-day)!

(mg/mg-day) 1

substrate

conc.

(mg/L)

5.22 0.086 6.5 5.6
11.9

0.45

20
20
30

None

0.5-16
16

Mixed culture, chemostat, propane

13.9

Propane

Mixed culture, chemostat, propane

L 0 T o

0.098

0.58

0.057

None

Mycobacterium vaccae JOBS, propane

0.014

25

Propane

0.03-5.4

Mycobacterium vaccae JOBS, propane

0.064
0.74
1.02

0.6

0.038

None

Mixed culture, chemostat, propane

1.4
1.6

1.0

1.6

22

Ammonia

0-3.3

2.1

Nitrosomonas europaea, ammonia

13

22

Ammonia

Nitrosomonas europaea, ammonia

0.018

None 30

3.3-26

Rhodococcus erythropolis BDI,

isopropylbenzene

a. Chang & Alvarez-Cohen 1995a; b. Wackett et al. 1989; c. Wilcox et al. 1995; d. Keenan et al. 1994; e. Ely et al. 1995b; f. Ely et al. 1997; g. Dabrock et al. 1992.

! Biomass reported in mg dry cell mass; units conversions assume dry cell mass is 50% protein.

Bacteria growing on simple aromatic chemicals
(e.g., phenol, toluene) are the second most widely
studied group of organisms for cometabolizing chlor-
inated solvents. Non-specific mono- or dioxygenases
that initiate the degradation of the aromatic chemicals
are responsible for chlorinated solvent cometabolism
(Nelson et al. 1986; Wackett et al. 1988; Zylstra et al.
1989; Shields et al. 1989; Folsom et al. 1990; Harker
& Kim 1990; Dabrock et al. 1992; Segar 1994; Olsen
et al. 1994; Newman & Wackett 1997). Kinetic para-
meters for TCE cometabolism by aromatic degraders
are listed in Table 2. As with the methanotrophs, a
pure culture, Pseudomonas cepacia G4, has shown
the most rapid degradation kinetics, with a k1 for TCE
that is comparable to that of M. trichosporium OB3b.
All mixed cultures reported except one have much
smaller k1 values, which are comparable to mid-range
values reported for methanotrophic mixed cultures.
Although the k; values for aromatic degraders and
methanotrophs are similar, the maximum cometabolic
substrate degradation rate (k.) tends to be smaller for
aromatic degraders relative to methanotrophs. Meas-
ured transformation capacities for aromatic degraders
vary widely, ranging from 3 to >500 pug TCE/mg
cells, suggesting considerable diversity among these
organisms in their ability to withstand the toxic in-
termediates produced during TCE cometabolism. This
result is not surprising given the great diversity that
exists among aromatic oxygenases (a variety of known
mono-oxygenases as well as dioxygenases) and the
microorganisms that express them. In fact, work-
ing with a filamentous phenol-degrading enrichment,
Bielefeldt et al. (1995) showed no toxic effects from
intermediates up to the maximum loading studied of
510 png TCE/mg cells. The transformation yields for
aromatic degraders also vary more widely than with
methanotrophs. Reported values range over two orders
of magnitude, while the range for methanotrophs is
generally over one order of magnitude.

Organisms other than methanotrophs and aromatic
degraders have been evaluated for TCE cometabol-
ism; however, very few kinetic studies with other
organisms have been reported. The available data are
reported in Table 3. The kinetic coefficients for the
propane and isopropylbenzene degraders are compar-
able to those for mixed cultures of aromatic degraders.
The limited data for nitrifiers show their kinetics to be
somewhat faster and comparable to those of the pure
cultures of aromatic degraders. The relatively small
transformation capacities reported for these cultures,



117

! 94 620’0 0c QUON L's SueylaW ‘WYolq AIMnd pIXIN
3 00S€-0001 0C QUBYIAW ‘WISOJ0IDTW ‘QINI[ND PIXIIA
3 0S orl 0C JeuLIo] 91 QUBYIOW “JBISOUWAYD ‘DIN[NI-PIXIIA
q 89¢ 91 9¢ LS 0€ JewIo w QUEYIOW ‘JL)SOWAYD “QIMND POXIA
P L'e 0¢ QJBULIO] $'L=ST0 OWINA ‘agdO wntiodsoyoriy W
Pq q00L pll 0¢ QJBULIO] §'L=ST0 OIS ‘agdO wniiodsoydri "
IPLIONYD [AUTA
d ¥4 S1'o 0¢ 0c QUON 6'¢0 sueing ‘AIMno paxIN
u €T €Il 630 01 7C  rruownury $1°0—L60°0 rIUOWWE ‘Pa0d04Nd SDULOSOLIIN
q 09+¥0 YI-LC 9000 68009100 €C QUON 1'1-80°0 [ouayd ‘wyorq ‘armno paxI
3 ¥ o1 0T qJeuwIo] L0 QUBYJOW ‘JBISOUWAYD ‘DINNI-PIXTI
P ¥0'0> 0¢ SJBULIO] [t} OWINA ‘agdO wnriodsoyorty "W
S 6'vE L'T07T v'e< gL=< €C QJBULIO] ¥'€-10'0  OIIAS ‘8S€dd ‘€O wniiodsoydry "y
qe q6've el’l 2670 eV8°0 0¢ QJeULIo] ¥—60 OIS ‘AgdO wniiodsoysriy "
QUIAYIR0IOYIIQ-T T
o 09¢< S1-LT0 0C QUON 94 [ouayd ‘Yareqg-Twas ‘QImno PaXIN
4 evI—8¢l 0'1-8°0 660 0'1-8°0 €C QUON 1l [ouayd ‘wyorq ‘armno paxI
3 0SC 0C JewIo] oy QUBYJOW ‘JBISOUWAYD ‘QINNI-PIXTI
P 600 0¢ SJBULIO] [4udl} OWINA ‘agdO wnriodsoyorty W
2 98 'l S'6 €C QJBULIOA 9'6-60'0  OINIAS ‘'8S€dd ‘€O wniiodsoydry "
qe qCST e8'8 ¢6'C eV'SC 0¢ SJelLIo] ¥¢—60 OINIAS ‘A€ O wniiodsoysriy "
UIAY)I0IO[YOI(]- 519
4 CLI=¢¢ §9'0—€C0 9900 €70°0—S10°0 €C QUON [ [ouayd ‘w{yoIq ‘aImynd paxIA]
3 061 0C JeurIo] 09 QUEYJOW ‘JBISOUWAYD “DIM[NI-PIXTI
w 7900°0 QUERYIRIN QUEYIOW ‘YoJeq ‘QIm[no PIXIA
39 0091 00¥¢ < LT°0 [aas 0C QUBUIPIN 1 OWIAG ‘axmnd paxi]
P €1 0¢ SJBULIO] [4udl} OWINA ‘agdO wnriodsoyorty W
2 L6Y 6'¢ ¥'9 8¢ 4 SJeULIO] LE-S0'0  OININS ‘8SEdd ‘AEdO wniiodsoysriy "
qe qOLL eC'€ fad! eC 9V 0¢ QJBULIO] ¥¢=¢0 OIS ‘agdO wniiodsoydri "
QUALAYI0I0[YOI(I-SUD.L}

(1/3w)

(@wysr)  (Sw/sr) (Kep-Suyp  (TBw) (Kep-SwySu) Do) Jensqns ou0d
Q0UIRJOY i ’r Iy Sy 7y amjerddwd],  [eUODIPPY  JURAJOS [enIU] uonIpuod/wsIuesIO

DL UBY} JOUJO SJUSA[OS PAJBULIOYD JO WISI[OQEISUWIOD JOJ SJUSIOYFO0D ONAULY PAJOS[eS “# 2]quL



118

“ura301d 950G ST SSEW [[20 AIP SUINSSE SUOISIOAUOD SIIUN SSEW [[20 AIp Swr Ut pariodar sseworg | *000T Wry "d ‘G661 Te 10 IP[JIIE "0 1L661T T2 10 A7

U686 OMNOF 2 UOSIIT "W tp66] ¢ 10 UBLISY [ PI66T KHEIIA 29 USYOD-ZRIBATY Y {0661 ‘I8 19 PUBNS [ €661 [[9MI[ 39 UOSIIN I *p661 1839S U *a5661 MBI % Ueloq
" 11661 KMRDOIN 79 UOSIOPUY ' 19661 AMEIOIA 7 UOSIOPUY 3 19661 T2 19 SAIA PWIRNOIAH UeA 'P f6661 T2 10 ZIZV 3 19661 USYOD-ZRIvATY 29 SuryD 'q {1661 'T¢ 30 SIYUIP[O "®

u 00—()GE LE0 66 9¢ w BIUOWW Y or1-S'C BIUOWWR ‘Dand04Nd SDUOUIOSOLIIN
4 §000°0 €C SUON 01 [ouayd ‘wyyorq ‘armmd paxIjy
p ¥0'0> 0€ 9JBULIO] [4mdl] OWING ‘agdO wntiodsoyoris "
qe q006¢ eC'l 9L €6 0¢ SJBULIO] S50 OIAS ‘QedO wniiodsoyors W
UBYIR0IONYIIQ-T T
d 8¢°0 9l 19°0 0C QUON 00 sueINg ‘ININd PaXIA
I ¥L0°0 0C QUON 020 quedouid ‘eisowrayd ‘aInynd paxIN
4 #9000 €C QUON €1 [ouoyd ‘w{yoIq ‘aImmd poxIN
w €100°0 QueYIN QUEBYJOW ‘YoJeq ‘dInyno PIXIA
[ 12000 - QUBYIIN Sy QueYIdW ‘Yojeq ‘dInnd PIXIN
qe ql 910 §'8¢ 9y 0¢ SJBuLIO] 0€90 OWIAS ‘edO wniiodsoyor W
QUEBYOIONPILL-TTT
u 8111 €0 € 01 w0 BIUOWWY 9'1-69°0 BIUOWIWE ‘Dopdoina SPUOUIOSOLIN
4 1€00°0 €C SUON 1l [ouayd ‘wyyorq ‘armmd paxIjy
A €8 9¢0 Sl 780 1c QUON (44 SUBYISW TRISOWYD AIN[Nd PIXIA
w +10°0 QUEYION Queyjow ‘Yyojeq ‘aImnd paxIN
p ¥0'0> 0€ QJBuULIO] y1-60 OWING ‘agdO wntiodsoyoris "
S 101 01 I'e I'e 4 SJBULIO] SI-€1'0  OINIAS ‘8S€dd “AcdO wntiodsoydriy "
Pq q66 p6'l 0€ QJeULIo] 0€-90 OWIAS ‘A€d O wntiodsoyoriy "
WLIOJOIO[YD)

(13w)

I (Bw/3n)  (Swy3r) I (Kep-3wy7)  (7/3w) I (Kep-3wy/3ur) Do) qrensqns Ou0d
ERlEI RN | i ’r Ly Sy 7y  omendwa], [eUONIPPY  JUSAJOS [eDIU] UoONIPUOd/WSIULIIO

(panunuo)) #2191y



however, may make application of these organisms in
engineered systems problematic.

The kinetics of cometabolism have been studied to
a much smaller extent for chlorinated solvents other
than TCE. With the exception of two studies with
phenol degraders, one each with propane degraders,
butane degraders, and with nitrifiers, all the research
has been conducted with methanotrophs. The kinetic
data for chlorinated solvents other than TCE are listed
in Table 4.

Cometabolic oxidation of the three dichloroethyl-
ene (DCE) isomers occurs, although some signific-
ant differences among the isomers exist. For the
phenol degraders and M. trichosporium OB3b produ-
cing SMMO, cis-DCE is degraded more rapidly than
trans-DCE, which has a k| comparable to that of TCE.
trans-DCE, however, is degraded much more rapidly
than cis-DCE with M. trichosporium OB3b producing
pMMO. A mixed methanotrophic culture producing
pMMO also showed rapid trans-DCE kinetics. For M.
trichosporium OB3b producing sMMO, the kinetics
of 1,1-DCE are slower than for the other two DCE
isomers, although k is still quite large (Table 4). For
the phenol degraders, kj for 1,1-DCE is substantially
greater than the k for the other two DCE isomers. The
kinetic coefficients for 1,1-DCE degradation with ni-
trifiers were comparable to those of the methanotrophs
and phenol degraders, while the most rapid kinetics
among all organisms were observed for a mixed cul-
ture of butane degraders. The transformation capacity
for 1,1-DCE is quite small, however, for all organisms,
indicating that 1,1-DCE oxidation generates signific-
ant product toxidicty. In contrast, the transformation
capacity for trans-DCE is quite large, while that of
cis-DCE is comparable to or somewhat greater than
that of TCE.

Kinetic data on vinyl chloride cometabolism is
only available for methanotrophs. In general, vinyl
chloride is rapidly cometabolized by both sMMO
and pMMO with large transformation capacities and
yields. The one report of relatively slow kinetics (Nel-
son & Jewell 1993) was for an expanded-bed, biofilm
reactor operating at a high biomass concentration. A
considerable amount of this biomass may have been
inactive, which would produce a low apparent rate
constant.

Chloroform is cometabolized quite rapidly by
sSMMO-producing methanotrophs, with k; on the or-
der of 30-60% of that observed with TCE (Table
4). The transformation capacity likewise is similar
to that of TCE. Very slow kinetics are associated
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with pMMO-producing methanotrophs and phenol de-
graders. The results with phenol degraders are typical
of aromatic degraders, which in general cometabolize
only chlorinated ethenes at appreciable rates (Segar
1994). The k; for the nitrifiers was 15-30% and the
transformation capacity was 10-20% of that measured
with M. trichosporium OB3D.

1,1,1-trichloroethane (1,1,1-TCA) is cometabol-
ized very slowly, if at all, by oxygenase expressing
organisms. Kinetic coefficients for M. trichosporium
OB3b are reported in Table 4; however, some stud-
ies have observed no degradation of 1,1,1-TCA by M.
trichosporium OB3b, so the performance of this or-
ganism on 1,1,1-TCA probably should be considered
inconsistent (Aziz et al. 1999). Likewise, Semprini &
McCarty (1992) observed no transformation of 1,1,1-
TCA in methanotrophic field studies at Moffett Field.
The transformation capacity for 1,1,1-TCA also is
quite small. Limited data for propane degraders sug-
gest that they may perform better than methanotrophs,
but degradation rates still may be quite slow. The
most rapid 1,1,1-TCA degradation kinetics have been
reported with a mixed culture of butane degraders.

In contrast to 1,1,1-TCA, sMMO-producing M.
trichosporium OB3b is much more active with the less
heavily chlorinated 1,2-dichloroethane (1,2-DCA).
The transformation capacity is also very large. As
with 1,1,1-TCA, pMMO producing M. trichosporium
OB3b and phenol degraders are unable to cometabol-
ize 1,2-DCA at appreciable rates. As with 1,1-DCE,
the k; for nitrifiers was approximately 30% of that
measured for M. trichosporium OB3b.

Although detailed kinetic studies were not conduc-
ted, Vannelli et al. (1990) reported that Nitrosomo-
nas europaea could cometabolize all the chlorinated
solvents listed in Table 4. Very limited data suggest
degradation rates relative to TCE ranging from 33%
for 1,1,1-TCA to 850% for vinyl chloride. Degrad-
ation rates for the other chlorinated solvents listed
in Table 4 were within £50% of that measured for
TCE. Rasche et al. (1991) reported that all the chlorin-
ated solvents listed in Table 4 produced intermediates
that were toxic to Nitrosomonas europaea, but the
transformation capacity for each chemical was not
quantified.

Discussion

Although a large amount of recent research has expan-
ded our understanding of the kinetics of aerobic chlor-
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inated solvent cometabolism, a number of knowledge
gaps still exist that should be addressed. The follow-
ing is a discussion of several of the most compelling
knowledge gaps in this area followed by an evalu-
ation of approaches to scale-up and field applications
of the presented models for in situ bioremediation of
chlorinated solvents.

Competitive inhibition constants

The use of half saturation constants (K. and K;) as
estimates for the inhibition constants (K5 and Kjyg)
in the saturation kinetic expressions describing com-
petitive inhibition (Equations (4) and (5)) is currently
under debate. Although this practice is mechanistic-
ally correct when dealing with pure enzyme kinetics
with appropriate assumptions, it may not be applicable
for whole cell kinetics due to the transport issues and
other cell dynamics that may be involved (Blanch &
Clark 1996). A number of studies with methane oxid-
izers and ammonia oxidizers have shown that solvent
degradation kinetics can be adequately predicted using
this substitution (Strand et al. 1990; Alvarez-Cohen
& McCarty, 1991d; Chang & Alvarez-Cohen, 1995b;
Broholm 1992; Anderson & McCarty 1994; Hyman
et al. 1995; Ely et al. 1995a, 1995b; Aziz et al.
1999), while a study with methane oxidizers and one
with toluene degraders have shown the substitution to
be inadequate (Chang & Criddle 1997; Landa et al.
1994). Systematic research specifically addressing the
adequacy of this substitution for the various oxygenase
enzyme systems would be helpful for improving mod-
eling approaches when both primary and cometabolic
substrates are present.

The nature of product toxicity and cell recovery

We still lack a clear understanding of the specific
nature of chlorinated solvent induced product tox-
icity and the capability for cells to recover from these
toxic effects. That is, we do not know whether indi-
vidual cells are capable of recovering from chlorinated
solvent induced product toxicity or whether the syn-
thesis of new cells is required. A number of studies
have shown that cell damage caused by product tox-
icity is clearly not limited to the responsible enzymes
alone, but is of a more general nature, affecting general
cellular metabolism (Oldenhuis et al. 1991; Alvarez-
Cohen & McCarty 1991d; Rasche et al. 1991; Heald
& Jenkins 1994; Hyman et al. 1995; Fitch et al. 1996;
van Hylckama Vlieg et al. 1997; Chu & Alvarez-
Cohen 1998). Because of this, it would logically

follow that some cells will be capable of recovery
while others will not, and that the extent of toxicity
will dictate the ratio of these two. Studies with the
ammonia oxidizer Nitrosomonas europaea, suggested
that recovery from toxicity involves de novo protein
synthesis but does not require growth of new cells
(Rasche et al. 1991). In fact, the model developed by
Ely et al. (1995a) to describe cometabolic oxidations
by this organism did not include a cell growth expres-
sion, but did contain enzyme recovery expressions as
described above (Equations (7), (8), (12) and (13)).
Although it may be that cell recovery requires less en-
ergy than cell regrowth, distinguishing between these
two processes in a practical manner is problematic at
best. However, from a modeling perspective it may not
actually matter whether enzyme recovery within spe-
cific cells is occurring or whether new cells are being
generated since both processes require consumption
of growth substrate. That is, as long as the stoi-
chiometric ratio of growth substrate and cometabolic
substrate concentrations required to sustain long-term
cometabolic reactions can be measured for a specific
culture of interest, it is not important whether recovery
or regrowth occurs (see Equation (16)). In fact, the
mathematical similarity between the model that ex-
plicitly incorporates cell recovery and the model that
incorporates cell regrowth verify this (Equations (14)
and (15)). In application, sustained cometabolism of
chlorinated solvents will be most reliably achievable
by operating at solvent loadings that are below the
ratio of growth and cometabolic substrate concentra-
tions required to balance product toxicity with enzyme
recovery or cellular growth (Equation (16)), in or-
der to ensure that a significant proportion of active
cells are always available (Ely et al. (1997), Chang
& Alvarez-Cohen (1995)).

In contrast to the potential for cell recovery, the
issue of whether chlorinated solvent product toxicity
causes linearly proportional or exponential cell in-
activation is one that needs to be resolved from a
modeling point of view. However, it must be recog-
nized that a wide range of organisms with widely
differing oxygenase enzymes cometabolically oxidize
chlorinated solvents. Consequently, this issue may be
resolved differently for differing systems.

A number of studies conducted with methano-
trophs have reported linearly proportional inactivation
of cells due to chlorinated solvent oxidation (Alvarez-
Cohen & McCarty 1991b; Oldenhuis et al. 1991;
Anderson & McCarty, 1994, 1996; Ely et al. 1995b;
Chang & Alvarez-Cohen, 1995b; Chang & Criddle



1997), including a recent study that specifically meas-
ured methanotrophic inactivation due to TCE degrad-
ation using three individual activity assays: methane
uptake, naphthalene oxidation, and respiratory activ-
ity (Chu & Alvarez-Cohen 1998). In addition, lin-
early proportional enzyme inactivation was reported
in studies with Nitrosomonas europaea (Ely et al.
1995b).

In contradiction, two studies have reported expo-
nential inactivation due to chlorinated solvent oxida-
tion by methanotrophs. In work with M. trichosporium
OB3b, van Hylckama Vlieg et al. (1997) suggested
that although cell activity, as measured by chlorinated
solvent oxidation rates, followed a linearly propor-
tional decrease with the amount of chlorinated solvent
degraded, cell viability, as measured by plate counts,
followed an exponential decrease with the amount de-
graded. It is difficult to reconcile a linear decrease in
cell “activity” with an exponential decrease in “viab-
ility”. These results are perhaps an artifact of the sub-
stantial difficulty associated with enumerating meth-
anotrophic viability using plate counts (Hanson &
Hanson 1996). Tompson et al. (1994) showed that both
linear and exponential inactivation models adequately
fit their experimental data describing the degradation
of TCE by resting cells of M. trichosporium OB3b dur-
ing two-week experiments. Due to the longevity of the
experiments and the use of resting cells, measured cell
inactivation was most likely not solely due to toxicity,
but also due to starvation, deprivation of reductant, and
endogenous cell decay.

Methods for incorporating energy limitations into
cometabolism models

The problem of incorporating reducing energy limit-
ations into cometabolism models is more subtle than
the inhibition and toxicity issues discussed above.
In fact, when cometabolism occurs in the presence
of sufficient growth substrate, the issue of reducing
energy limitation is not important since growth sub-
strate metabolism provides sufficient reducing energy
to drive the cometabolic reaction. So, only in cases
of low or no growth substrate availability is the issue
of kinetic limitation due to energy generation import-
ant. The four approaches that have been introduced
to address this issue (Criddle 1993; Saez & Rittmann
1993; Chang & Alvarez-Cohen 1995b; and Arcangeli
& Arvin 1997) are all based upon the assumption that
growth substrate is capable of generating reductant
which is a required reactant in the cometabolic oxida-
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tions. The Saez & Rittmann (1993) model also allows
for reductant generation from biomass oxidation. The
major difference in the models lies in their implement-
ation. Both the Criddle (1993) and Saez & Rittmann
(1993) models utilize a stoichiometric transformation
yield that couples the degradation of growth or en-
ergy substrates to the degradation rate of cometabolic
substrate, while the Chang & Alvarez-Cohen (1995b)
model and the Arcangeli & Arvin (1997) model are
based upon a mechanistic analysis of the enzyme re-
action with reducing energy or growth substrate as
potential limiting substrates, respectively. Each of
these models is capable of describing cometabolic de-
gradations in the presence of growth substrates, and all
but the Arcangeli & Arvin (1997) model are capable
of predicting cometabolic degradation in the absence
of growth substrate. The major limitations associated
with all four models, however, are the large number
of modeling parameters required, some of which are
easily measured in laboratory experiments and some
of which must be estimated by curve fitting. Fortu-
nately, each of the models can be simplified to forms
that require measurement of fewer parameters and that
are more suitable to field applications. Although some
of the simplified forms of these models are mathemat-
ically indistinguishable, further research with respect
to the specific applicability of these kinetic models and
their intricacies with respect to the various oxygenase
systems would be helpful for improving our design of
bioremediation processes.

Additional kinetic information

Additional kinetic studies on organisms other than
methanotrophs would be useful for more clearly de-
lineating the cometabolic capabilities of the different
oxygenase systems. The paucity of kinetic data on
nitrifiers, propane degraders, and butane degraders
especially limits a complete assessment of these or-
ganisms and our ability to predictively model their
growth and degradative behavior.

With respect to chemicals, the primary focus on
TCE has provided extensive data on this compound,
as well as a bench mark for comparing the kinetics of
various cultures. More kinetic data on chemicals other
than TCE is now needed to provide a fuller under-
standing of the capabilities of aerobic cometabolism.
In particular, a focus on solvents that methanotrophs
do not cometabolize well (e.g., 1,1,1-TCA) would be
helpful.
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Applicability of modeling approaches to scale-up
and field applications

deBlanc et al. (1996a) reviewed and summarized the
various subsurface biodegradation models available.
Of the models developed before 1995, several are able
to account for cometabolism and competitive inhib-
ition, but not transformation capacity and reducing
energy availability. deBlanc et al. (1996b) developed
a three-dimensional, multiphase-flow model that in-
cludes the transformation capacity and reducing en-
ergy kinetic expressions of Chang & Alvarez-Cohen
(1995b) (Equations (21) and (22)), as well as the more
simplified kinetic expressions discussed above (Equa-
tions (1)—(5), (10) and (11)). Travis & Roberts (1997)
incorporated competitive inhibition and product tox-
icity into a multiphase transport model in order to
describe the in situ bioremediation of TCE by meth-
anotrophs at DOE’s Savannah River site. Application
of their model suggested that significant TCE degrada-
tion was occurring and that product toxicity and pred-
ation of methanotrophs by protozoa were important
limiting factors of bioremediation.

The kinetic expression appropriate for a given
modeling effort is a function of the goals of the
modeling, chemical concentrations, data availabil-
ity, and computational resources. Initial feasibility
testing might be conducted using simple kinetic ex-
pressions and typical values of kinetic coefficients
from the literature. A full-scale remediation design,
however, requires a much greater level of effort to
ensure that the modeling provides useful information.
Samples should be collected from the field so that kin-
etic measurements can be extrapolated directly from
field measurements when possible, or if necessary,
from laboratory column experiments or microcosm
experiments conducted with field samples.

Sensitivity analyses to judge the significance of
individual kinetic parameters and to select appropri-
ate kinetic expressions also can be very helpful. For
example, low concentrations of chlorinated solvents
might permit the use of pseudo-first-order kinetics,
while ignoring competitive inhibition and transforma-
tion capacity terms, or less complicated kinetic expres-
sions may be acceptable as time or distance from the
source increase. Verifying that laboratory-measured
kinetic coefficients are representative of field con-
ditions can be quite difficult because of subsurface
heterogeneities and the resulting flow field complexit-
ies, which again indicates the importance of sensitivity
analyses.

The kinetic expression selected can also affect
computation times significantly; therefore, the level
of complexity should be appropriate to the circum-
stances. For example, the computation time might
be as much as an order of magnitude greater in a
multi-chemical modeling effort if transformation ca-
pacity and reducing energy concentration need to
be accounted for, versus pseudo-first-order kinetics
(deBlanc 1998). In addition, the more sophisticated
kinetic expressions can complicate the modeling effort
under some conditions. For example, the specific en-
zyme inactivation coefficient (kinact in Equations (12)
and (13)), the stoichiometric transformation yield (7
in Equations (18) and (19)), and the half-saturation
constant of reducing energy (K g in Equation (21)) are
intrinsic properties of specific cells. If the model per-
mits movement of biomass in the subsurface, either
through detachment or bioaugmentation, both the bio-
mass concentration and these properties of various
components of the biomass may have to be tracked
with time and position, thereby greatly increasing the
complexity of the modeling effort.

In summary, our knowledge of the kinetics govern-
ing the aerobic cometabolism of chlorinated solvents
has been significantly enriched over the past 15 years
because of a large amount of basic and applied re-
search. However, we still have an incomplete un-
derstanding of how to most effectively model these
complex biological reactions in environmental applic-
ations. Additional research with respect to modeling
approaches, kinetic coefficients, and scale-up meth-
ods would improve our abilities to predict the in
situ bioremediation of chlorinated solvents by aerobic
cometabolism.
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