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1-Chloro-1-fluoroethene (1,1-CFE) was studied as a
reactive tracer to quantify the anaerobic transformation
of vinyl chloride (VC). Batch kinetic studies of 1,1-CFE and
VC transformation were performed with an enrichment
culture obtained from the Evanite site in Corvallis, OR. The
culture is capable of completely transforming trichloroethene
(TCE) through cis-dichloroethene (c-DCE) and VC to
ethene. The culture also transforms fluorinated analogues,
such as trichlorofluoroethene (TCFE), to fluoroethene
(FE) as a final product. The transformation sequence of
the fluorinated analogue was correlated with that achieved
for the chlorinated ethene with the same degree of
chloride substitution. For example, the production of 1,1-
CFE, the major CFE isomer formed from TCFE transformation,
was correlated with the production of VC from TCE
transformation. Since the 1,1-CFE and its product, FE,
have a distinct analytical signature, 1,1-CFE may be used
as a reactive in situ tracer to evaluate the VC transformation
potential. The half-saturated constants (Ks) of VC and 1,1-
CFE were 63 and 87 µM, respectively, while similar
maximum utilization rates (kmaxX) of 334 and 350 µM/d
were achieved. Acetylene inhibited both VC and 1,1-CFE
transformation. A competitive inhibition model with the
independently measured Ks values used as the inhibition
constants predicted rates of transformation of both VC and
1,1-CFE when both compounds were present. 1,1-CFE
transformation was also tested with three different cultures.
With all the cultures, 1,1-CFE transformation was
associated with VC transformation to ethene, and the
rates of transformation were comparable. The results
demonstrated that 1,1-CFE was a good reactive surrogate
for evaluating the rates of VC transformation.

Introduction
Chlorinated aliphatic hydrocarbons (CAHs), such as tetra-
chloroethene (PCE) and trichloroethene (TCE), are major
groundwater contaminants (1). Anaerobic biotransformation
of PCE and TCE sequentially generates cis-dichloroethene
(c-DCE) and vinyl chloride (VC), with ethene as a harmless
end product. Incomplete transformation of PCE and TCE to
c-DCE or VC is frequently observed in CAH-contaminated
groundwater, and this limits the usefulness of anaerobic
biotransformation as a natural attenuation process (2).
Among these products, VC is the most undesirable as it is a
known human carcinogen and has the lowest drinking water
standard (2 µg/L) (3).

VC transformation to ethene is generally the most difficult
transformation step. High Ks values of c-DCE and VC can

cause incomplete transformation of TCE and PCE to c-DCE
or VC (4). PCE and TCE can also inhibit the transformation
of c-DCE and VC (5). Dehalococcoides ethenogenes strain 195
(6) has the ability to transform PCE to ethene; however, the
final step of VC to ethene is cometabolic in nature (7). VC
halorespiration by mixed cultures (8, 9) has led to the isolation
of a pure culture (10) that is capable of using c-DCE and VC
as electron acceptors, but not PCE and TCE (9, 10).

Chemical surrogates of TCE and PCE, such as trichlo-
rofluoroethene (TCFE), have been used to track the trans-
formation of PCE and TCE (11, 12) in laboratory and field
studies. The advantage of using a surrogate compound in
situ is that a unique identification of biotransformation is
possible even when the CAHs of interest are present. CAH
transformation is difficult to demonstrate when physical
processes, such as sorption and desorption and non-aqueous-
phase liquid (NAPL) dissolution, are occurring. Fluorinated
analogues are resistant to defluorination, and fluorinated
products are easily detected by standard gas chromatographic
methods. TCFE, for example, has been used in push-pull
field tests to determine the PCE and TCE transformation
potential (12). However, the observation of the production
of dechlorination products beyond cis-1,2-dichloro-fluoro-
ethene (c-DCFE) proved difficult, partly due to dilution by
groundwater flow. The direct addition of 1,1-CFE as a
surrogate for VC in field tests would limit dilution effects,
and 1,1-CFE can be added at desired concentrations to detect
product formation, even when dilution occurs.

In laboratory microcosm studies (11), TCFE was trans-
formed into three dichlorofluoroethene isomers (DCFEs),
with c-DCFE being the main isomer. The DCFE isomers can
be potentially transformed into three chlorofluoroethene
isomers (CFEs), which can be further transformed into
fluoroethene (FE). Vancheeswaran et al. (11) observed limited
DCFE transformation to CFE; thus, the major DCFE trans-
formation product was not clearly determined. In our study,
we identified the major transformation intermediate of TCFE
through c-DCFE as 1-chloro-1-fluoroethene (1,1-CFE). This
led us to evaluate 1,1-CFE as a potential analogue for the
transformation of VC.

The objectives of this study were to (i) identify 1,1-CFE
as the main isomer formed by TCFE transformation by the
Evanite culture, (ii) determine the transformation kinetic
parameters (kmaxX and Ks) for VC and 1,1-CFE with the Evanite
culture, (iii) study the inhibition of VC and 1,1-CFE on the
transformation of each other, and acetylene inhibition on
the transformation of both compounds, and (iv) evaluate
how 1,1-CFE tracks the transformation of VC with different
dehalogenating cultures.

Kinetic and inhibition studies were performed to deter-
mine the correlation of 1,1-CFE with VC transformation.
Values of kmaxX and Ks for VC and 1,1-CFE were determined.
Inhibition studies were performed to probe whether the same
enzyme was likely responsible for transforming the com-
pounds. In a previous study with the Evanite culture, we
found acetylene was a reversible inhibitor of the reductive
dechlorination (13). Acetylene inhibition of 1,1-CFE and VC
transformations was therefore investigated. VC and 1,1-CFE
inhibition of each other was tested, and the results were
evaluated using a competitive inhibition model. 1,1-CFE
transformation was also tested concurrent with TCE and
c-DCE transformation to determine whether its transforma-
tion correlated with the VC transformation step. Cultures
enriched from three different contaminated sites that had
different transforming abilities were tested.
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Materials and Methods
Chemicals. PCE (99%) and c-DCE (97%) were purchased from
Acros (Fisher Scientific, Pittsburgh, PA), and TCE (99.9%)
was purchased from Aldrich (Milwaukee, WI). TCFE (97%),
c-DCFE (98%) (consisting of 1-2% t-DCFE), 1,1-CFE (98%),
and 1,2-CFE (98%) (E/Z mixture consisting of 50% E and 50%
Z isomers) were purchased from SynQuest Labs., Inc.
(Alachua, FL). Gas standards, ethene (1000 ppm ( 5%) and
VC (996 ppm ( 2%) in nitrogen, were purchased from Scott
Specialty Gases (Alltech Associates, Inc., Deerfield, IL).
Methane (99%), CO2 (99%), acetylene (99.6%), and H2 (99%)
were obtained from AIRCO (Vancouver, WA). Yeast extract
was purchased from Fisher Scientific (Fair Lawn, NJ).

Analytical Methods. The concentrations of TCE, TCFE,
c-DCE, c-DCFE, 1,1-CFE, VC, acetylene, ethene, and methane
in the headspace of batch reactors were determined by gas
chromatographic analysis. A headspace sample (100 µL) was
injected into an HP-5890 gas chromatograph equipped with
a 30 m megabore GSQ-Plot column (by J&W Scientific,
Folsom, CA) and connected to a flame-ionized detector (FID).
H2 was analyzed by injecting 100 µL of headspace sample
into a HP-5890 gas chromatograph. Chromatographic sepa-
ration was achieved using argon as a carrier gas, with a
Supelco 60/80 Carboxen 100 column (15 ft × 0.125 in.;
Bellefonte, PA), followed by quantification using a thermal
conductivity detector (TCD).

TCFE Transformation Pathway. To evaluate the trans-
formation pathway of TCFE to FE, different isomers of DCFE
and CFE had to be identified. Authentic standards were used,
and identification was based on GC retention times. The
retention times of TCFE, t-DCFE, c-DCFE, 1,1-CFE, and FE
were 8.3, 7.3, 7.1, 5.0, and 2.3 min, respectively. 1,2-CFE (Z)
and 1,2-CFE (E) were present as a 50/50 mixture in the
authentic standard, yielding two peaks with retention times
of 5.3 and 5.6 min.

Growth of the Cultures. The Evanite anaerobic culture
was obtained from TCE-contaminated groundwater and
sediment at the Evanite site in Corvallis, OR. The growth
conditions for the Evanite culture were described by Pon et
al. (13). This culture completely transforms PCE through TCE,
c-DCE, and VC to ethene. For the VC and 1,1-CFE kinetic
tests, the culture was further enriched in the 1000 mL batch
reactors fed 5 mL of H2 (200 µmol), 20 mL of VC (800 µmol),
and 20 mL of CO2. The growth medium was maintained at
a pH of 7 using a phosphate buffer. Additional H2 (5 mL) was
added when gas-phase H2 levels fell below 0.5% v/v. The
cells were harvested when the VC removal rate in the reactors
reached 80 µmol/d.

Two other cultures were tested. The Point Mugu culture
was maintained using the same incubation procedures as
the Evanite culture, except TCE was used as the electron
acceptor instead of PCE. The Point Mugu culture required
a substantially longer time to transform VC to ethene than
the Evanite culture. The Lawrence Livermore culture that
transforms TCE mainly to VC was grown under conditions
presented by Yu (14). Methane was not produced by any of
the cultures.

The three cultures were examined by using a PCR assay
developed to detect the 16S ribosomal RNA gene (rDNA)
sequence with Dehalococcoides-specific primers Dhg 728F
and 1155 R (15) and Dhc 1F and 1377R (16) and Desul-
furomonas-specific primers Dsm 205F and 1015R (15).
Specific PCR results showed all three cultures contained
Dehalococcoides-like microorganisms, but Desulfuromonas-
like microorganisms were not found.

Kinetic Tests. The kinetic tests were performed in 125
mL batch bottles (Wheaton, Millville, NJ) capped with gray
butyl rubber septa (Wheaton) to allow temporal sampling.
Studies were conducted in single reactors. A 50 mL sample

of medium containing cells from the growth reactor was
transferred in an anaerobic glovebox to the VC batch reactors.
The reactors were purged for 10 min to remove the glovebox
H2 and any residual VC or ethene with nitrogen gas that was
furnace-treated at 600 °C to remove residual oxygen. H2 (5
mL), CO2 (20 mL) (furnace-treated), and VC or 1,1-CFE were
then added to the reactor’s headspace. The reactors were
incubated at 20 °C and shaken in an inverted position at 200
rpm. H2 was supplied in excess during the experiment.

kmaxX and Ks Determinations. A multiple-equilibration
method in a single batch reactor was used to determine VC
and CFE kmaxX and Ks values. The test was performed as
follows: The transformation rate was first determined at the
lowest substrate concentration. The concentration was then
increased through VC or 1,1-CFE addition, and the rate was
determined at the next desired concentration. Concentrations
were successively increased until a maximum rate was
achieved. At each concentration the transformation rate of
1,1-CFE or VC was determined on the basis of product
formation, FE and ethene, respectively. Rates were deter-
mined using the liquid- and gas-phase mass balances and
Henry’s law equilibrium, and by linear regression of five
product formation data points versus time. Rates of product
formation were measured over a wide range of substrate
concentrations (10-575 µM for CFE and 25-975 µM for VC).
The kinetic parameters kmaxX and Ks of the 1,1-CFE and VC
transformations were determined by nonlinear regression
of the Monod equation using the S-Plus program (Insightful
Corp., Seattle, WA). The tests were completed within a 12 h
period so that cell growth would be limited. An estimated
doubling time of the ethene-producing population with
growth on VC was approximately 60 h (13).

Acetylene Inhibition Test. The inhibition experiments
consisted of three stages, an initial rate determination stage,
an inhibition stage, and a recovery stage, as described by
Pon et al. (13). The initial transformation rates of 1,1-CFE
and VC were determined in the first stage in the absence of
acetylene. Acetylene was added as an inhibitor in the second
stage. Prior to addition, the acetylene was scrubbed with
10% (w/v) Cu2SO4‚5H2O to remove trace amounts of acetone
(17). In the third stage, the reactors were purged for 15 min
with furnace-treated nitrogen gas to remove the acetylene,
and the transformation rates were remeasured upon VC or
1,1-CFE and H2 addition.

1,1-CFE Transformation Tests with Three Different
Cultures. Tests were performed with the three different
cultures previously described to verify that 1,1-CFE trans-
formation solely tracks the transformation of VC. The studies
were conducted in single reactors using the same procedures
as the kinetic tests, except 1,1-CFE was added along with
TCE. Henry’s law constants for PCE, TCE, c-DCE, VC, and
ethene were those published by Gossett (18). Dimensionless
Henry’s constants for 1,1-CFE and FE of 3.55 and 2.66,
respectively, were determined using the successive air-water
equilibration method at 20 °C (19).

Results
PCE and TCE Transformation. An initial study was per-
formed to determine the transformation pathway of TCFE
and to verify that 1,1-CFE was the main isomer produced by
the Evanite culture. Figure 1 shows the culture transformed
PCE through TCE, c-DCE, and VC to ethene, while TCFE was
transformed through c-DCFE and 1,1-CFE to FE. PCE was
transformed to c-DCE during the first 70 d of the incubation,
and TCFE was transformed to c-DCFE over the same time
interval. VC and 1,1-CFE were produced at similar rates from
the transformation of c-DCE and c-DCFE, respectively. The
results indicated c-DCFE was a good surrogate for c-DCE
transformation. A similar transformation trend was also
observed for the subsequent transformation of VC and 1,1-
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CFE to ethene and FE, respectively. This initial study
demonstrated the fluorinated analogues c-DCFE and 1,1-
CFE followed c-DCE and VC transformation patterns, re-
spectively.

The parallel transformation pathways of TCE and TCFE
are shown in Figure 2. TCFE is potentially transformed to
three DCFE isomers, with c-DCFE being the main isomer
formed. c-DCFE is mainly transformed to 1,1-CFE with FE
as the end product, while TCE is transformed to c-DCE, VC,
and ethene. TCFE was transformed mainly to c-DCFE with
some t-DCFE (two GC peaks had relative percent areas of
96% and 4%). 1,1-Dichloro-2-fluoroethene (1,1-DCFE) was
not detected. c-DCFE was further transformed mainly to 1,1-
CFE. A small GC peak with a retention time of 5.3 min was

probably 1,2-CFE (E), since it is more likely produced from
c-DCFE transformation due to the location of the fluoride
substituent (Figure 2).

Kinetic Study for 1,1-CFE and VC. The results of the
multiple-equilibration method to determine kmaxX and Ks

values for 1,1-CFE are presented in Figure 3. The increases
in 1,1-CFE concentration and the corresponding increases
in FE production rates are shown in Figure 3A. 1,1-CFE
concentrations were increased until transformation rates
close to the maximum were reached. The resulting Monod
plot of transformation rate versus concentration is shown in
Figure 3B, along with the nonlinear regression fit to the
Monod equation and the 95% confidence intervals. kmaxX
and Ks for 1,1-CFE transformation were 350 ( 10 µM/d and
87 ( 8 µM, respectively. The same procedure was used to
determine the kmaxX and Ks values for VC transformation
(data not shown), with estimated values of 334 ( 11 µM/d
and 63 ( 7 µM, respectively. The results showed 1,1-CFE and
VC had very similar kmaxX and Ks values, and therefore similar
transformation rates.

VC and Acetylene Inhibition Studies on 1,1-CFE Trans-
formation. Results of experiments on the inhibition between
VC and 1,1-CFE and the inhibition of the transformation of
both compounds by acetylene are presented in Figure 4 and
Table 1. Two reactors were initially given the same amount
of 1,1-CFE. Different amounts of VC were then added at 85
h to evaluate VC inhibition of 1,1-CFE transformation (Table
1).

Figure 4A shows a fairly constant rate of FE production
until VC was added at 85 h. VC addition inhibited 1,1-CFE
transformation, as indicated by the decrease in the FE
production rate. Ethene and FE were produced at similar
rates over the period from 85 to 270 h. When acetylene (24
µM) was added at 270 h, both VC and CFE transformations

FIGURE 1. Simultaneous transformation of PCE and TCFE performed
in a batch reactor by the Evanite culture. Results are plotted
separately for comparison purposes. The culture transformed (A)
PCE through TCE, c-DCE, and VC to ethene and (B) TCFE through
c-DCFE and 1,1-CFE to FE.

FIGURE 2. TCFE and TCE transformation pathways observed with
the Evanite culture.

FIGURE 3. (A) FE mass production at various 1,1-CFE concentrations
using the multiple-equilibration method (Pd. ) production). (B)
Monod curve used to determine Ks and kmaxX for 1,1-CFE by nonlinear
regression (dM/dt ) FE mass production rate, CL0 ) initial 1,1-CFE
liquid concentration).
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were inhibited, as indicated by the cessation of FE and ethene
formation. Inhibition was removed by purging the acetylene
at 410 h. VC and 1,1-CFE transformations to ethene and FE
were then observed upon their re-addition. The rates upon
recovery were about a third of the rates observed prior to
acetylene inhibition (Figure 4A and Table 1).

The second batch reactor was subjected to two different
levels of VC inhibition of 1,1-CFE transformation (Figure 4B).
Aqueous concentrations for these tests were higher than the
measured Ks values. The initial FE production rate was similar
to that achieved in the first reactor. After the addition of VC
to achieve a 12/1 (VC/1,1-CFE) aqueous concentration ratio,
the FE production rate dramatically decreased and the ethene
production rate was 11 times higher than the rate of FE
production (Table 1). At 269 h, when 1,1-CFE was added to
achieve a VC to 1,1-CFE concentration ratio of 2/1, the FE
production rates increased while the ethene production rates
decreased, indicating CFE inhibition of VC transformation.
1,1-CFE was completely transformed to FE in a noninhibited

control reactor (data not shown), further supporting VC
inhibition of 1,1-CFE transformation.

The rates of ethene and FE production from VC and 1,1-
CFE transformation were estimated for the different stages
of the tests when both compounds were present. The analysis
assumed competition for the same enzyme and used a
competitive inhibition model. Using the previously deter-
mined Ks values for VC and 1,1-CFE, the ethene and FE
production rates were predicted using a competitive inhibi-
tion model (20):

For rate estimates using eq 1 the product of the maximum
transformation rate and microbial concentration for the
estimates (kmaxX) of 5.0 (µmol/h)/L was determined from
the initial 85 h of FE production (Figure 4). Both VC and
1,1-CFE production rates are a function of substrate and
inhibitor concentrations. VC and 1,1-CFE were complemen-
tary substrate and inhibitor pairs, as defined in eq 1. The
inhibition was based on the ratio of the measured Ks values
as proposed by Haston (21). The reactor ethene and FE
production rates were estimated using eq 1, by including
mass balances for partitioning between the aqueous and gas
phases.

The measured and predicted rates of ethene and FE
production and ratio of ethene and FE production rates
(measured/predicted) are presented in Table 1 for periods
when both compounds were present. There is good agree-
ment between the measured and predicted ratios. The
changes in production rates are shown to be correlated to
the aqueous concentrations, as expected by the competitive
inhibition model. The results indicate VC and 1,1-CFE
transformation rates could be predicted reasonably well using
the measured Ks values in the competitive inhibition model.
Differences in predicted and measured rates could result
from culture growth and decay during the course of the
experiment. The ratios, however, of measured to predicted
rates, which would normalize growth and decay, are in good
agreement. The greatest difference between measured and
predicted rates for both ethene (0.033 µmol/h) and FE (0.015
µmol/h) occurred after the acetylene inhibition test. Despite
this difference, the ratios in measured and predicted rates
were in good agreement, considering the order in magnitude
difference in concentrations used in several of the tests.

Both VC and 1,1-CFE transformation rates recovered to
only 36% and 18% of the rates achieved prior to acetylene
inhibition. The reason for the loss of activity is not known.
Microbial decay over 125 h (5.2 d), without electron acceptor
utilization, is one potential factor causing a loss in activity.
Potential acetylene toxicity on the microbial community
could be another factor. Consistent with previous observa-
tions (13), acetylene was not transformed during the experi-
ments.

1,1-CFE Transformation Studies with Three Different
Enrichment Cultures. Results of experiments performed with
the three different cultures to further explore 1,1-CFE as a
reactive surrogate of VC transformation are shown in Figure
5. 1,1-CFE and VC were both transformed by the Evanite
culture in the presence of TCE and c-DCE (Figure 5A). Ethene
and FE were produced at similar rates, and essentially
complete conversion of 1,1-CFE and VC was achieved within
10 d. The results are consistent with those shown in Figure
1, which was conducted over a longer time scale. The results
obtained with the Point Mugu culture are shown in Figure
5B. Both VC and 1,1-CFE transformation occurred after the

FIGURE 4. (A) VC inhibition of 1,1-CFE transformation and acetylene
(24 µM) inhibition of 1,1-CFE and VC transformation. (B) Ethene/FE
mass production at VC/1,1-CFE aqueous concentration ratios of 12/1
and 2/1.

TABLE 1. Comparison of Measured and Predicted Rates of
1,1-CFE and VC Transformation for the Results Presented in
Figure 5

CFE
Cliq

(µM)

VC
Cliq

(µM)

FE production
rate, measd/pred

(µmol/h)

ethene production
rate, measd/pred

(µmol/h)

ethene/FE
production rate

ratio, measd/pred

101 139 0.082/0.067a 0.091/0.127a 1.1/1.9
96.6 154 0.015/0.061b 0.033/0.140b 2.2/2.3
103 1300 0.012/0.012c 0.132/0.227c 11.0/18.9
680 1160 0.032/0.073d 0.075/0.170d 2.3/2.3

a Reactor A from 85 to 269 h. b Reactor A after the acetylene inhibition
test (from 405 to 600 h). c Reactor B from 85 to 269 h. d Reactor B from
269 to 600 h.

dCsubstrate

dt
)

(kmaxX)Csubstrate

Csubstrate + Ks(substrate) +
Ks(substrate)

Ks(inhibitor)
Cinhibitor

(1)
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c-DCE concentration was reduced to a low level. 1,1-CFE
transformation tracked both the initial slow and then later
accelerated rates of VC transformation. The correlation of
very limited 1,1-CFE transformation with very limited VC
transformation is demonstrated with the Lawrence Livermore
culture (Figure 5C). The culture transformed TCE through
c-DCE to VC. 1,1-CFE was very slowly transformed to FE,
while VC was very slowly transformed to ethene. The tests
with the three cultures showed 1,1-CFE tracked VC trans-
formation well in the presence of higher chlorinated CAHs,
despite the different transformation abilities of the cultures.

Discussion
The Evanite culture transformed TCFE to c-DCFE and t-DCFE,
with c-DCFE being the main isomer formed. This result was
consistent with previous observations (11). The Evanite
culture transformed c-DCFE to 1,1-CFE as the major inter-
mediate. This observation differs from those of Vancheeswa-
ran et al. (11), who reported minor amounts of 1,2-CFE (E)
produced in Lawrence Livermore microcosms.

FE was not defluorinated to ethene by the Evanite culture.
The transformation pathway indicates the fluoride substitu-
ent acts more like a hydrogen substituent than a chloride
substituent. This might result from the combined effect of
it being a poorer leaving group than chloride, and its size
being smaller than that of chloride. Thus, the CFE dechlo-
rination step is associated with the VC step, rather than the
DCE dechlorination step, as indicated in Figures 1 and 5.

The multiple-equilibration method yielded Ks and kmaxX
via nonlinear regression that had standard deviations of less
than 20%. Previous studies using the traditional multireactor
method resulted in larger standard deviations of approxi-
mately 50% of the Ks value and 20% of the kmaxX values (4,
21). The multireactor method assumes all the reactors have
the same initial conditions, which may be difficult to achieve
with anaerobic cultures. The multiple-equilibration method
is simple to apply, and these initial results indicate it is an

effective means of obtaining kinetic parameters. Studies are
needed with direct comparisons of the different methods.

VC and 1,1-CFE had very similar Ks and kmaxX values,
indicating VC and 1,1-CFE were transformed at similar rates
by the Evanite culture. The kinetic values indicate the same
enzyme likely transformed both compounds. This is sup-
ported by data shown in Figure 4 that show VC and 1,1-CFE
inhibit each other’s transformation. Predicted rates and
measured rates matched well when the measured Ks values
were used in the competitive inhibition model, for different
VC and 1,1-CFE concentrations (Table 1). The ratios of the
Ks values simulated the competitive inhibition well, consistent
with earlier reports of Haston (21) for c-DCE on VC
transformation, providing additional evidence that the two
compounds are transformed by the same enzyme. Acetylene
inhibited both VC and 1,1-CFE transformation to similar
extents, and the transformation rate partially recovered upon
removal of acetylene (Figure 4A). The mode of acetylene
inhibition is not known, but acetylene appears to inhibit VC
and 1,1-CFE transformation, similarly.

1,1-CFE transformation tracked VC transformation well
with three different cultures that transformed VC to ethene
at different rates. No false-positive results were observed
where 1,1-CFE was transformed when VC was not. The results
suggest 1,1-CFE is an excellent surrogate for determining
rates and extents of VC transformation.

FE was a stable product of 1,1-CFE transformation, within
our ability to measure FE concentration or ethene production.
Thus, FE production rates could be used to estimate 1,1-CFE
transformation rates. Rates of VC transformation were
estimated from measured rates of 1,1-CFE transformation
and measured kinetic parameters for VC and 1,1-CFE
transformation by the Evanite culture, using a competitive
inhibition model with concentrations of VC and 1,1-CFE
included. VC transformation rates observed upon its addition
to batch reactors were estimated from initial 1,1-CFE rates
(Table 1). The inhibition that was observed illustrates the
importance of including the effects of 1,1-CFE and VC
concentration when VC transformation rates are estimated
in field studies when 1,1-CFE is added as a reactive surrogate.

Vinyl bromide (VB) has also been evaluated as an indicator
of VC transformation potential (22). In these studies, VB
reduction to ethene resulted in bromide ion release, which
might also track VC transformation. Vinyl bromide trans-
formation was much more rapid than VC transformation,
and can be potentially used to rapidly screen for VC
transformation potential. However, 1,1-CFE transformation
rates more closely track those of VC when they are present
at similar aqueous concentrations. Thus, there is a potential
for using VB to rapidly screen for VC transformation potential
and for 1,1-CFE to help quantify VC dechlorination rates.

1,1-CFE was demonstrated here to be an excellent
surrogate to track VC transformation, and has potential use
for estimating rates of intrinsic or enhanced in situ VC
transformation. Regulatory approval would be required to
add 1,1-CFE, since FE would likely persist and should be
considered as toxic as VC. However, regulatory approval to
add TCFE was obtained for previous push-pull tests in a
contaminated aquifer (12) to study PCE and TCE transfor-
mation. An advantage of adding 1,1-CFE, compared to TCFE,
is that the last step is directly studied so the effects of
groundwater dilution can be minimized, and known con-
centrations can be injected. Results of such push-pull tests
will be described in a future paper.

Acknowledgments
This study was funded in part by Grant 1P42 ES10338 from
the National Institute of Environmental Health Sciences, and
the Western Region Hazardous Substance Center of the U.S.
Environmental Protection Agency under Contract R-828772.

FIGURE 5. 1,1-CFE transformation in batch reactors that transform
TCE to VC and ethene. The enrichment cultures include the Evanite
(A), Point Mugu (B), and Lawrence Livermore (C) cultures.

VOL. 38, NO. 24, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 6807



We thank Mark Dolan, who suggested using the multiple-
equilibration method in a single batch reactor to determine
kmaxX and Ks values, and Seungho Yu for providing the
Lawrence Livermore culture.

Literature Cited
(1) Westrick, J. J.; Mello, J. W.; Thomas, R. F. The groundwater supply

survey. J. Am. Water Works Assoc. 1984, 76 (5), 52-59.
(2) Rittmann, B. E.; MacDonald, J. A. In Natural Attenuation

Considerations and Case Studies; Wickramanayake, G. B.,
Gavaskar, A. R., Kelley, M. E., Eds.; Battelle Press: Columbus,
OH, 2000; Vol. C2-3, p 1.

(3) National primary and secondary drinking water regulation:
Proposed rule. Fed. Regist. 1989, 54, 22062-22160.

(4) Haston, Z. C.; McCarty, P. L. Chlorinated ethene half-velocity
coefficients (Ks) for reductive dehalogenation. Environ. Sci.
Technol. 1999, 33, 223-226.

(5) Tandoi, V.; DiStefano, T. D.; Bowser, P. A.; Gossett, J. M.; Zinder,
S. H. Reductive dehalogenation of chlorinated ethenes and
halogenated ethanes by a high-rate anaerobic enrichment
culture. Environ. Sci. Technol. 1994, 28, 973-979.

(6) Xavier M. G.; Chien, Y. T.; Gossett, J. M.; Zinder S. H. Isolation
of a bacterium that reductively dechlorinaties tetrachloroethene
to ethene. Science 1997, 276, 1568-1571.

(7) Maymo-Gatell, X.; Anguish, T.; Zinder, S. H. Reductive dechlo-
rination of chlorinated ethenes and 1,2-dichloroethane by
“Dehalococcoides ethenogenes”. Appl. Environ. Microbiol. 1999,
65, 3108-3113.

(8) Rosner B.; McCarty, P. L.; Spormann, A. M. In vitro study on
reductive vinyl chloride dehalogenation by an anaerobic mixed
culture. Appl. Environ. Microbiol. 1997, 63, 4139-4144.

(9) He, J.; Ritalahti, K. M.; Aiello, M. R.; Löffler, F. E. Complete
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(15) Löffler, F. E.; Sun, Q.; Li, J.; Tiedje, J. M. 16S rRNA gene-based
detection of tetrachloroethene-dechlorinating Desulfuromonas
and Dehalococcoides species. Appl. Environ. Microbiol. 2000,
66, 1369-1374.

(16) Hendrickson, E. R.; Payne, J. A.; Young, R. M.; Starr, M. G.; Perry,
M. P.; Fahnestock, S.; Ellis, D. E.; Ebersole, R. C. Molecular
analysis of Dehalococcoides 16S ribosomal DNA from chloro-
ethene-contaminated sites throughout North America and
Europe. Appl. Environ. Microbiol. 2002, 68, 485-495.

(17) Hyman, M. R.; Wood, P. M. Suicidal inactivation and labelling
of ammonia mono-oxygenase by acetylene. Biochem. J. 1985,
227, 719-725.

(18) Gossett, J. M. Measurement of Henry’s law constants for C1 and
C2 chlorinated hydrocarbons. Environ. Sci. Technol. 1987, 21,
202-208.

(19) Schwarzenbach R. P.; Gschwend, P. M.; Hanselmann, K. W.
Environmental Organic Chemistry, 5th ed.; John Wiley & Sons
Publishers: New York, 1993; pp 116-119.

(20) Garant, H.; L. Lynd. Applicability of competitive and noncom-
petitive kinetics to the reductive dechlorination of chlorinated
ethenes. Biotechnol. Bioeng. 1998, 57, 751-755.

(21) Haston, Z. C. Factors affecting growth and utilization in the
anaerobic dehalogenation of chlorinated ethenes. Ph.D. Dis-
sertation, Stanford University, 1999.

(22) Gu, A. Z.; Stensel, H. D.; Pietari, J. M. H.; Strand, S. E. Vinyl
bromide as a surrogate for determining vinyl chloride reductive
dechlorination potential. Environ. Sci. Technol. 2003, 37, 4410-
4415.

Received for review January 31, 2004. Revised manuscript
received August 31, 2004. Accepted September 13, 2004.

ES0498383

6808 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 24, 2004


