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Chlorinated solvents and their natural transformation products are the most frequently observed groundwater contaminants in the United States. In
situ bioremediation using anaerobic or aerobic co-metabolic processes is a promising means of cleaning up contaminated aquifers. Studies show
that under natural conditions trichloroethylene can be anaerobically degraded to dichloroethylene, vinyl chloride, and ethylene. Pilot scale field
studies of in situ aerobic co-metabolic transformations have shown that indigenous microbes grown on phenol are more effective at degrading
trichloroethylene and cis-1,2-dichloroethylene than microbes grown on methane. Modeling studies support field observations and indicate that the
removal of trichloroethylene and cis-dichloroethylene results from the biostimulation of an indigenous microbial population. Field tests and modeling
studies indicate that, at high TCE concentration, degradation becomes stoichiometrically limited. - Environ Health Perspect 103(Suppl 5):101-105
(1995)
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Introduction
Chlorinated solvents and their natural
transformation products are the most fre-
quently observed groundwater contami-
nants in the United States. These solvents,
consisting primarily of chlorinated
aliphatic hydrocarbons (CAHs), have been
widely used as degreasing agents for indus-
trial purposes and were improperly dis-
posed of at waste and refuse sites or have
leaked from underground storage tanks.
They are relatively recalcitrant to degrada-
tion, fairly mobile, and denser than water

when present as a separate phase. This has
resulted in the generation of contaminant
plumes that are often large in aerial extent.

Methods commonly used for remediation
of groundwater, such as pump-and-treat,
have been somewhat effective, but these
methods are costly to operate, they have
resulted in the transfer of contaminants to

other environmental compartments, or

they require surface treatment. They often
do not achieve final treatment levels. Thus,
innovative treatment methods are being
explored that may prove to be more effec-
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tive and less costly. This paper will discuss
the potential for in situ bioremediation of
CAHs via the process of co-metabolism.
Presented will be the results from field
studies in which both natural (intrinsic)
and enhanced transformation have been
observed.
The major solvents that are frequently

observed as groundwater contaminants
include carbon tetrachloride (CT), tetra-
chloroethylene (PCE), and trichloroethyl-
ene (TCE). They can be transformed by
chemical (abiotic) and biological (biotic)
processes in the subsurface to a range of
products, including chloroform (CF),
methylene chloride (MC), cis-1 ,2-dichloro-
ethylene (c-DCE), trans-1,2-dichloroethyl-
ene (t-DCE), 1,1-dichloroethylene
(1,l-DCE), vinyl chloride (VC), 1,1-
dichloroethane, and chloroethane. Many of
the chemicals can be degraded biologically;
however, microorganisms generally cannot
obtain energy for growth from the trans-
formation (1). For both aerobic and anaer-
obic transformations, the presence of a
cosubstrate as a carbon and energy source
is needed. Thus, transformations can be
brought about by co-metabolism or
through interactions of the CAHs with
enzymes and cofactors produced by
microorganisms for other purposes. Much
of the effort of in situ bioremediation of
CAHs is centered on promoting co-metab-
olism. Promoting CAH co-metabolism in
the subsurface may entail adding the
appropriate growth substrate and electron
donor, such as oxygen, to simulate the
microbial population, while effectively
contacting target contaminants with the
stimulated population. To date, there has
not been a documented full-scale applica-
tion of an in situ co-metabolic process to

guide the design and application Qf this
technology.
The potential for CAH biotransforma-

tion through primary substrate utilization
or through co-metabolism is presented in
Table 1. Most of the CAHs are degraded
via co-metabolism. The potential for aero-
bic co-metabolism of completely substi-
tuted CAHs, such as CT and PCE, is
essentially zero, while it is very high for less
saturated compounds, such as MC and
VC. The general trend for aerobic co-
metabolism indicates a better potential the
lower the degree of chloride substitution.
The rates of aerobic co-metabolism are
very compound specific. For example, rates
for the dichloroethylene (DCE) isomers
vary greatly. Aerobic transformations can
result in complete degradation of CAHs to
carbon dioxide, water, and chloride.

Anaerobic conditions in general show an
opposite trend, with a greater transforma-
tion potential the greater the degree of sub-
stitution. A potential problem with the
anaerobic processes is that CAHs are
reduced to less substituted intermediates
that are often transformed at slower rates
and thus may accumulate. TCE can be
reduced anaerobically to DCE, which can
be transformed into VC (3). Recently,
however, it has been demonstrated that
PCE and TCE can be anaerobically
degraded to ethylene (4-6), which is a
nontoxic end product. This finding has
sparked new interest in in situ CAH biore-
mediation via anaerobic processes.
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Table 1. Potential for chlorinated aliphatic hydrocarbon biotransformation as a primary substrate or through
co-metabolism.a

Primary substrate Co-metabolism
Aerobic Anaerobic Aerobic Anaerobic

Compound potential potential potentialb Potentialb CAH product
CCI4 0 XXXX CHCI3
CHCI3 X XX CH2CI2
CH2CI2 Yes Yes XXX
CH3CCI3 X XXXX CH3CHCI2
CH3CHCI2 X XX CH3CH2CI
CH2CICH2CI Yes X X CH3CH2CI
CH3CH2CI XX c

CC12=CC12 0 XXX CHCI=CCI2
CHCI=CCI2 XX XXX CHCI=CHCI
CHCI=CHCI XXX XX CH2=CHCI
CH2=CCI2 X XX CH2=CHCl
CH2=CHCI Yes XXXX X

aData from from McCarty and Semprini (2). bo, very small if any potential; X, some potential; XX, fair potential;
XXX, good potential; XXXX, excellent potential. cReadily hydrolyzed abiotically, with half-life on order of 1 month.

Results
Anaerobic Transformations of TCE in
Saint Joseph, Michigan
A detailed study of the distribution ofTCE
and its anaerobic transformation products
was performed in a sand aquifer near the
town of St. Joseph, Michigan (7,8). The
study was undertaken to improve the
understanding of the distribution of the
CAHs years after the contamination
occurred and to obtain information on nat-

ural mixing and transformation processes
under anaerobic conditions. The industrial
site, which is on the National Priority List
(NPL), is approximately 750 m east of
Lake Michigan. The sampling consisted of
obtaining 155 groundwater samples at 5-ft
intervals between the groundwater table,
located within 35 to 40 ft from the ground
surface, and a clay layer, located 65 to 90 ft
below the ground surface.
The concentrations of the CAHs varied

significantly with depth. Relatively high
concentrations (several milligrams per liter
of TCE, c-DCE, and VC) existed at all
locations within 20 m of the center of the
plume. The dominant DCE isomer present
was c-DCE, with maximum concentrations
of c-DCE, t-DCE, and 1,1-DCE of 133,
3.9, and 5.3 mg/!, respectively, occurring
at the same locations. Methane and ethylene
were also observed, with maximum concen-

trations of 12.3 and 6.6 mg/!, respectively.
The high methane indicates methanogenic
conditions existed, and the presence of eth-
ylene indicates that some of the TCE had
been completely dechlorinated.

Detailed contour analyses of these data
are presented by Semprini et al. (8). The
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tion. c-DCE was observed in a ti
zone between high and decreasi
concentrations. TCE concen
decreased with depth, and meth;
centrations increased with dept
chloride and ethylene were foui
associated with high methane co
tions. Sulfate was absent from area
methane concentration and pr
zones where TCE concentration i

and methane concentration was I
contamination also showed defini
with depth. A typical distribution
and methane in a wellbore is s]
Figure 1. Sulfate concentrations c
with depth. The results showed s(
dechlorination with depth, consist
the development of more highly a
conditions of methanogenesis.

600

400
a

X 300

20co 200

50 55 60 65 70
Depth, feet

Figure 1. CAH, methane, and sulfate prc
depth in wellbore Tl-6 from the St. Josep
Priority List site.
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known whether the presence of high TCE
concentrations inhibited the development
of methanogenic conditions at shallower
depths, whether the presence of sulfate
inhibited CAH transformations, or
whether there were higher concentrations
of a substrate contaminant at the depth to
drive the aquifer to become more anaerobic.

Detailed mass flux estimates based on
the contour analysis indicated that ethylene
represented 10 to 20% of the CAH flux.
Analysis of the substrate(s) driving the
anaerobic conditions was not performed.
The CAH results are consistent with the
COD distribution reported by McCarty
and Wilson (7), which shows high upgra-
dient COD levels and a reduction in COD
in the region where methanogenic condi-
tions exist. The results indicate that signifi-
cant intrinsic anaerobic transformation of
TCE has been and probably still is occur-
ring at the site.

Studies ofEnhanced Aerobic
Transfonnations ofCAHs at the
Moffett Naval Air Station

trations In situ aerobic co-metabolism of CAHs has
ane con- been studied in a shallow aquifer at a pilot
h. Vinyl test facility at the Moffett Naval Air
nd to be Station, California. In situ biotransforma-
ncentra- tion of TCE, c-DCE, t-DCE, and VC was
5s of high observed by a microbial population grown
*esent in on methane and oxygen (9,10). At the
was high same site, but along a different experimen-
low. The tal leg, the biotransformation of TCE, c-
ite trends DCE, and t-DCE was recently observed by
ofCAHs a microbial population grown on phenol
hown in and oxygen (11,12).
lecreased These pilot scale experiments were per-
equential formed under induced gradient conditions
tent with of injection and extraction. Groundwater
tnaerobic was extracted at a rate of 10 1/min and
It is not amended at the surface with the chemicals

of interest, including the growth substrates
methane and dissolved oxygen (DO) or
phenol and DO and the target CAH cont-
aminants, and then injected into the test
zone at a rate of 1.5 1/min. The injection
and extraction wells were 6 m apart. TCE
and c-DCE, the two CAHs common to
both studies, were not present in the
groundwater and were continuously added
in a controlled manner. The concentration
response of methane, phenol, DO, TCE,

% :-- and c-DCE was monitored at the downgra-
dient monitoring wells located 1, 2.2, and

75 80 3.8 m from the injection well. The growth
substrates and DO were added in alternat-

)file versus ing pulses to limit biofouling near the injec-
ph National tion well and to distribute the microbial

growth. Methane was added at a time-aver-
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aged methane concentration of 6 mg/I. In
the initial phenol study (11), phenol was
added at a time-averaged concentration of
6.25 mg/I, which after 500 hr of addition
was increased to 12.5 mg/I. The CAHs were
added in a concentration range of 40 to
120 mg/I. In the subsequent study (12), phe-
nol was injected at concentrations ranging from
12.5 to 25 mg/I, and TCE concentrations were
varied from 62 to 1000 pg/l.

Comparisons of test results and model
simulations for the methane studies are
presented by Semprini and McCarty
(13,14). Good agreement was obtained
between model simulations and field
results using a porous media transport
model that included nonsteady-state
processes of microbial growth, electron
donor and acceptor utilization, and the co-
metabolic transformation of contaminants
using competitive inhibition kinetics.
Transport processes of advection, disper-
sion, and rate-limited sorption and desorp-
tion were also included. The results
showed that VC and t-DCE were trans-
formed at rates similar to the methane
growth substrate, while c-DCE and TCE
were transformed at rates approximately a
factor of 10 and 100 times lower than
methane, respectively. In the 2-m biostim-
ulated zone, the following degrees of trans-
formation were achieved: TCE, 20%;
c-DCE, 50%; t-DCE, 90%; and VC, 95% (9).

Simulations of the initial phenol experi-
ment have also been performed using the
same model (15). Figure 2 presents the
field observations and model simulations
for c-DCE and TCE response at monitor-
ing well SSE1 (1 m from the injection
well) due to biostimulation through phenol
addition. The model simulations agree
with the field observations and indicate
that decreases in CAH concentrations with
time resulted from the biostimulation of
the phenol-utilizing population. The fur-
ther decrease in concentration after 24 days
resulted from the increase in the phenol-
utilizing population due to the increase in
the phenol injection concentration. The
oscillation in the concentration of TCE
and c-DCE results from the pulsed injec-
tion of phenol, where phenol competitively
inhibits the transformation of the TCE
and c-DCE. With prolonged phenol injec-
tion, over 95% of the c-DCE and 90% of
the TCE were degraded in the 2-m
biostimulated zone.

Comparison of the methane and phenol
experiments indicates that phenol was a
much better co-metabolic growth substrate
for the degradation of TCE and c-DCE at
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Figure 2. TCE and c-DCE response at monitoring well SSE1 due to biostimulation with phenol and oxygen at
Moffett Field and comparison model simulations.

the Moffett test site. Methane was a better
growth substrate for degrading t-DCE.
Model simulations of both experiments
indicate that phenol was a better substrate
for several reasons. Phenol addition
resulted in a greater stimulated biomass.
More phenol could be added since it
required less DO consumption. It also had
a higher yield coefficient than methane.

The rate coefficients for the co-metabolic
transformation for TCE and c-DCE were
also a factor of two to three greater for the
phenol-users compared to the
methane-users.
The results of the subsequent phenol

experiments in which TCE concentration
was gradually increased from 62.5 to 1000
pg/l are shown in Figure 3. TCE removals
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Figure 3. Normalized TCE concentrations with time at monitoring locations during phenol injection at a time-aver-
aged concentration of 12.5 mg/I, during which TCE injection concentration was raised in steps from 62.5 to 1000
pg/l. Adapted from Hopkins et al. (12).
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Figure 4. Model simulations of the TCE response shown in Figure 3, using a transformation capacity model.

at the furthest monitoring well SSE3 were
essentially the same at about 87% for TCE
concentrations up to 500 pg/l. At 1000
pg/l the removal decreased to 75%.
Hopkins et al. (12) indicated that the
lower removal at the higher concentration
may have resulted from the TCE concen-
tration being closer to the half-saturation
coefficient (Ks) value, resulting in a devia-
tion from first order kinetics; TCE trans-
formation product toxicity began to have a
measurable effect; or there was insufficient
reducing power to carry out the transfor-
mation. The tests indicate that TCE con-
centration is an important factor to consider
when evaluating in situ co-metabolic treatment.

Figure 4 presents model simulations of
the experiments presented in Figure 3. In

these simulations, the model presented by
Semprini and McCarty (13,14) was
adapted to include a transformation capac-
ity model for TCE degradation of the form
proposed by Alvarez-Cohen and McCarty
(16) and Anderson and McCarty (17).
The simulations agree reasonably well with
the field observations. The simulations
indicate that the inclusion of more compli-
cated kinetic expressions is required to
model TCE transformation over a broad
range of concentrations.

Summary
At the St. Joseph site, complete transfor-
mation of TCE to ethylene occurred, with
ethylene representing up to 20% of the
contaminant mass flux. VC and ethylene

were associated with high methane and low
sulfate concentrations, which indicates that
their production was associated with
methanogenic conditions in the aquifer.
The results are encouraging and indicate
that it may be possible to enhance transfor-
mations at such sites through the con-
trolled addition of an anaerobic growth
substrate and possibly minor nutrients.
Sites that should be considered are those
that are actively degrading the CAHs
anaerobically and that pose no risk of expo-
sure to vinyl chloride if it is produced.
Another consideration is that it may be
possible to promote aerobic co-metabolism
as a final polishing step to degrade DCE
and VC that is formed anaerobically.

Aerobic studies indicate that for the geo-
chemical and microbial conditions present
at the Moffett site, phenol was a much bet-
ter growth substrate than methane for
degrading TCE and c-DCE. This is
encouraging since TCE is present at so
many sites, and c-DCE is often a major
intermediate of the anaerobic transforma-
tions of PCE and TCE. The studies also
indicate that TCE concentration is an
important factor to consider. Studies at
other sites are needed to determine if
consistent results are obtained.
Model simulations provide a useful tool

in analyzing the results from field studies in
which complicated biological, physical,
and transport processes are occurring. The
simulations indicate that complex kinetic
models are needed to describe the co-meta-
bolic transformation of TCE over a broad
range of concentrations. These models will
also be of value in the design of in situ
remediation systems.
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