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Abstract

The removal of carbon tetrachloride under sulfate reducing conditions was studied in an anaerobic packed-
bed reactor. Carbon tetrachloride, up to a concentration QildQwas completely converted. Chloroform and
dichloromethane were the main transformation products, but part of the carbon tetrachloride was also completely
dechlorinated to unknown products. Gram-positive sulfate-reducing bacteria were involved in the reductive dechlo-
rination of carbon tetrachloride to chloroform and dichloromethane since both molybdate, an inhibitor of sulfate
reduction, and vancomycin, an inhibitor of gram-positive bacteria completely inhibited carbon tetrachloride trans-
formation. Carbon tetrachloride transformation by these bacteria was a cometabolic process and depended on the
input of an electron donor and electron acceptor (sulfate). The rate of carbon tetrachloride transformation by sulfate
reducing bacteria depended on the type of electron donor present. A transformation rate of Sl ol was

found with ethanol as electron donor. At carbon tetrachloride concentrations higher thavh $8Ifate reduction

and reductive dechlorination of carbon tetrachloride decreased and complete inhibition was observed at a carbon
tetrachloride concentration of 56.6M. It is not clear what type of microorganisms were involved in the observed
partial complete dechlorination of carbon tetrachloride. Sulfate reducing bacteria probably did not play a role since
inhibition of these bacteria with molybdate had no effect on the complete dechlorination of carbon tetrachloride.

AbbreviationsCT — carbon tetrachloride; CF — chloroform; DCM — dichloromethane

Introduction pletely dechlorinated (Bouwer & McCarty 1983; Galli
& McCarty 1989; Criddle et al. 1990; Picardal et al.
1995). CT transformation under sulfate reducing con-
Carbon tetrachloride is a toxic and carcinogenic com- ditions in continuous flow reactors has been described
pound of great environmental concern, as it is of- (Bouwer & Wright 1988; Cobb & Bouwer 1991) but
ten found as a contaminant in groundwater and soil. the products of CT transformation are unknown. In
Bioremediation is an attractive clean-up technique puyre cultures oDesulfobacterium autotrophicur@T
for sites contaminated with CT, provided complete was for more than 70% transformed to CF and DCM
dechlorination occurs and no toxic metabolites accu- (Eglj et al. 1987; 1988), but unidentified water-soluble
mulate. Whether complete dechlorination takes place products were also detected (Egli et al. 1990). Accu-
depends on the environmental conditions, with the re- mulation of the metabolites CE and DCM as metabo-

dox potential as the most important factor. CT resists |ites is undesirable because, like CT, both compounds
aerobic biodegradation, but under anaerobic condi- are toxic and carcinogenic.

tions it has been shown that in the presence of several
electron acceptors, except sulfate, CT can be com-
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Since sulfate is often present in groundwater, the The medium was transferred to 120 ml bottles
aim of this study was to determine the products of CT (brown glass) in an anaerobic glove-box. Each bot-
transformation under sulfate reducing conditions. CT tle contained 60 ml of medium and was closed with
transformation in the presence of sulfate was studied teflon-lined butyl rubber stoppers and aluminum crimp
in an anaerobic packed-bed reactor. The role of sulfate seals. After sterilization, CT (14M) and an electron
reducing bacteria in the transformation of CT, the tox- donor (1 mM) were added form concentrated solu-
icity of CT and the effect of different electron donors tions. All cultures were inoculated with 2 ml of an
on CT transformation have been investigated. Further- enrichment culture from the packed-bed reactor. The
more, we established how complete dechlorination of cultures were incubated on a shaker (100 rpm) in a

CT can be achieved in groundwater containing high
sulfate concentrations.

Material and methods

Packed-bed reactor studies

These experiments were performed in an upflow
packed-bed reactor (glass; height 40 cm; inside di-
ameter 4.6 cm; volume 665 ml) (de Best et al.
1997) packed with polyurethane foam (PUR) particles
(5 x 5 x 6 mM, Bayer B.V., Mijdrecht, the Nether-

lands) mixed with digested sludge (20 v/v%) from

the wastewater treatment plant Kralingseveer (Rotter-
dam, the Netherlands). The packed-bed reactor was

wrapped with aluminum foil to prevent growth of
phototrophs.

The reactor was continuously fed with the anaer-
obic non-sterile mineral medium described previously
(de Best et al. 1997). The medium was continuously
purged with oxygen free MCO, (99.5% / 0.5%) to
remove all oxygen. The medium (pH 7430.2) was
pumped into the reactor by means of a peristaltic
pump with marprene tubing. All other tubing was ei-
ther viton or teflon. CT, acetate and #&(41.8uM,
to maintain reducing conditions) were added to the

canted position (90) at 25° C and analyzed regularly
for chlorinated compounds, electron donor, sulfate and
chloride. Sterile batches were used to test for abiotic
losses.

To investigate the role of sulfate reducing microor-
ganisms in the degradation of CT, inhibitors were
added to some of the batch cultures at t = 0. Van-
comycin (0.14 mM), 2-bromoethane sulfonic acid
(Bres; 6 mM), molybdate (2 mM) andJ®- (5.8 mM)
were used as inhibitors. The effect of sulfate on
CT transformation was also tested in batch cultures.
MgSOy-7H20 was replaced by Mg(CCOQO)-4H,0
to remove all sulfate.

Analytical methods

CT, CF, DCM and chloromethane were quantified by
headspace gas chromatography. Liquid samples (100—
1000 ul) were injected in 10 ml headspace autosam-
pler vials with teflon-lined butyl rubber stoppers and
aluminum crimp seals. The final volume was adjusted
to 2 ml with demineralized water. The vials were an-
alyzed using a Hewlett Packard 19395A headspace
sampler connected to a gas chromatograph equipped
with an electron capture detector and a CP-Sil 5CB
reactor (de Best et al. 1997). Calibration samples were
analyzed according to the same method to adjust for

medium as a concentrated solution at the entrance ofair/water partitioning. A four-point curve was used for

the reactor with a syringe pump. The hydraulic reten-
tion time in the packed-bed was 24 h. All experiments
were carried out at 25C.

Batch culture studies

Experiments were done with a minimal anaerobic
medium that contained (per liter of demineralized wa-
ter) 80.1 mg (NH)2HPQOy, 200 mg mgS@ 7H,0,

calibration.

Carbon dioxide, carbon monoxide and methane
concentrations were determined after separation on
a Carboplot P7 column using a gas chromatograph
equipped with FID and a methanizer (de Best et al.
1997). Liquid samples (2 ml) from the packed-bed re-
actor were injected in 10 ml headspace autosampler
vials with teflon-lined butyl rubber stoppers and alu-
minum crimp seals and equilibrated at 8@ for 45

1 mg resazurine and 5 ml trace element solution (de min. An amount of 50ul of the headspace was in-

Best et al. 1997). The medium was purged with
oxygen free N/ICOy (99.5%/0.5%; 700 ml/min) for
45 min. After purging, NgS-9H,O (91 mg/l) and
NaHCG; (100 mg/l) were added.

jected into the GC by hand with a 1pdHamilton gas
and liquid-tight syringe. For batch cultures, a0 of

the headspace was injected into the GC. A four point
calibration curve was used for quantification.
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Table 1. Carbon tetrachloride (2.6M) transformation in a sulfate reducing packed-bed reactor at different

sulfate concentrations

Substrate utilization

CT transformation

SOu% CH3COOH sQZ- CHgy CT CF DCM
influent utilization reduction production conversion formation formation
(uM) (uM) (uM) (uM) (%) (%) (%)

510 622 511 0 100 51.8 159

510 999 350 672 100 0 0
5000 974 963 0 100 46.0 13.1

Sulfate and chloride were determined after sep-
aration on an IONPAC AG9-SC guard column and
IONPAC AG9-SC anion column (Dionex, Breda, the
Netherlands) (de Best et al. 1997) with an ion chro-
matograph equipped with a conductivity detector, ther-
mal stabilizer and suppressor (Dionex, Breda, the
Netherlands).

Acetate concentrations were determined with an
enzymatic test-combination (Boehringer, Mannheim,
Germany).

Chemicals

All chemicals were obtained from commercial sup-

pliers. CT was obtained from Baker. CF and

DCM were purchased from Rathburn. Vancomycin
and sodium molybdate were purchased from Sigma.
Chloromethane and 2-Bromo- ethanesulfonic acid
were obtained from Aldrich. Calibration gases (carbon
dioxide, carbon monoxide, methane) were obtained
from AGA.

Results

Although the biotransformation of CT has been stud-
ied extensively, little information is available on the
products of CT transformation and the physiologi-
cal factors affecting CT transformation under sulfate
reducing conditions, especially in continuous flow
systems. Here, CT transformation in the presence of
sulfate (0.51 mM) was studied in an anaerobic packed-
bed reactor, inoculated with digested sludge. Acetate
(1 mM) served as an electron donor.

After 3 weeks of operation, sulfate reducing bac-
teria utilized 55% of the added acetate for complete
reduction of sulfate. Acetate was not further utilized
by other bacteria. CT (2.,6M), which was then added

to the influent of the reactor, was transformed with-
out delay. CF (1.3xM) and DCM (0.44uM) were
found as main transformation products (Table 1). No
further transformation to chloromethane was detected.
Part of CT (0.77uM) was converted to unknown prod-
ucts. In a sterile control packed-bed reactor, which was
run under the same conditions except for the inocula-
tion with digested sludge, no transformation or loss
of CT occurred. This suggests that CT transformation
is a biological process rather than an abiotic chemical
transformation caused by reaction with sulfide or other
reducing compounds present in the reactor.

After complete reduction of sulfate (0.51 mM)
in the reactor, about 0.4 mM of acetate was still
available for conversion by non sulfate reducing mi-
croorganisms. After 23 weeks of operation methane
was detected in the packed-bed reactor, indicating
that methanogens had started to grow. When acetate
was completely utilized, 0.67 mM of methane was
produced in the reactor. Sulfate reduction had de-
creased to 0.35 mM (Table 1). The development of
a methanogenic population had a profound effect on
CT transformation. Instead of reductive dechlorination
to CF and DCM, CT was completely dechlorinated.
Under methanogenic conditions more than 99% of the
added CT was mineralized.

In a subsequent experiment, the sulfate concentra-
tion in the influent of the reactor was increased from
1 mMto 5 mM (Table 1). When a new steady state was
reached, sulfate reducing bacteria utilized all avail-
able acetate for the reduction of 0.96 mM of sulfate.
Methane production no longer occurred. CT was still
completely transformed but CF and DCM again were
found as main transformation products.

These results demonstrate that the products of CT
transformation depend on the microbial population
present in the reactor. The sulfate reducing popula-
tion mainly transformed CT to CF and DCM. When
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Table 2. Transformation of carbon tetrachloride in anaerobic packed-bed reactor under sulfate reducing
conditions at different carbon tetrachloride concentrations

CT CT CF DCM cr SOy CH3COOH
influent effluent effluent effluent formation reduced utilized
(uM) (uM) (uM) (uM) (uM) (uM) (kM)

25 0 (0%} 1.5 (46%) 0.3 (13%) 2 960 970
11.8 0 (0%) 4.6 (39%) 2.5 (21%) - 900 1000
20.9 0 (0%) 7.2 (34%) 1.6 (8%) - 980 1010
29.6 0 (0%) 12.3 (42%) 1.0 (3%) - 970 910
56.6 23.5(42%) <0.1(0%) <0.1 (0%) 114 40 310

1o of CT in influent;2 not determined.

methanogens were presentin the reactor, CT was com-coincided with the inhibition of reductive dechlori-

pletely dechlorinated. CF and DCM were not found

as intermediates in the effluent nor at several sam-

ple ports at different heights of the reactor (data not
shown). Complete dechlorination of CT under strictly
sulfate reducing conditions by the microbial popu-
lation in the reactor apparently is not possible. CT

transformation under these conditions was studied fur-

ther to obtain a better understanding of the factors
affecting CT transformation and the microorganisms
involved in this process.

CT transformation at different concentrations

The performance of the reactor was studied in a
CT concentration range from 256M to 56.6 uM.
Under the starting conditions used (CT M, ac-
etate 1 mM, S@* 5 mM), CT was completely
transformed, primarily to CF and DCM via reduc-
tive dechlorination (Table 2). Part of CT (41%) was
converted to unknown products. Nearly all available
acetate was utilized by sulfate reducing bacteria for
the reduction of 0.96 mM sulfate.

Up to a concentration of 29,6M, CT was mainly
transformed to CF and DCM. Part of the CT was con-
verted to unknown products. At CT concentrations
higher than 11.§:M, reductive dechlorination of CT
to DCM was partially inhibited and the percentage of
CT transformed to unknown products increased. At
the highest CT concentration tested (56.H1), re-
ductive dechlorination of CT to CF and DCM was
completely inhibited, and about 23,8\ of CT re-
mained in the effluent of the reactor. According to the
amount of chloride formed (Table 2) up to 28:M of
the added CT was completely dechlorinated.

Sulfate reduction was nearly completely inhibited
at a CT concentration of 56.6M. This inhibition

nation to CF and DCM. This is a further indication

that sulfate reducing bacteria are probably involved in
the reductive dechlorination of CT to CF and DCM.

Other bacteria probably play a role in the complete
dechlorination of CT since significant dechlorination
of it still occurred when sulfate reduction was nearly
completely inhibited.

The reactor was run for 30 weeks at a CT concen-
tration of about 57«M. The removal of CT, measured
by the production of chloride, did not change and re-
mained at about 50%. Sulfate reduction and methane
production were not detected in the reactor.

Role of sulfate reducing bacteria in CT
transformation

To determine the role of sulfate reducing bacteria in
CT transformation, specific inhibitors were added to
an enrichment culture from the packed-bed reactor.
This CT transforming enrichment culture was ob-
tained at a CT concentration in the reactor of 1,8\
(Figure 3), using the liquid phase of the packed-bed
reactor as an inoculum. Ethanol (1 mM) served as an
electron donor.

In the absence of inhibitors, CT (11,8V) was
completely transformed within 115 hours at a maxi-
mum CT transformation rate of 5.1 nrol—1 ph~1
(Figure 1). CF (9.4«M) was found as the only chlo-
rinated transformation product. Part of CT ()
was transformed to unknown products. Ethanol was
completely utilized for the reduction of 0.49 mM sul-
fate according to the following reactions.
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Figure 1. Effect of inhibitors on the transformation of carbon tetra-
chloride (11xM) by a sulfate reducing mixed culture in a minimal
medium. Ethanol (1 mM) served as an electron donor. Symbols: no
inhibitor (H); molybdate @); vancomycin {); H2O> (O); medium
without sulfate [(0).

CH3CHyOH + 3SO42~  — CH3COO™ + HS™ + SHT + H0
CH3COO™ +SOy%~  — 2HCO3™ +HS™

CH3CHpOH + 3SOs2~ — 2HCO;~ +13HS™ + 3H* + H0

DCM was not found as a transformation product dur-
ing this experiment, probably because of the short
duration of the incubations (13 days). In other long-
term batch culture experiments up to 27% of the CF
formed was further transformed to DCM but only after
4 weeks of incubation. DCM was not transformed by
the sulfate reducing mixed culture (data not shown).
Molybdate, an inhibitor of sulfate reduction in

sulfate reducing bacteria (Smith & Klug 1981) and
vancomycin, an inhibitor of cell wall synthesis in gram
positive eubacteria (Distefano et al. 1992), completely
inhibited CT transformation (Figure 1) and sulfate
reduction. This demonstrated that gram-positive sul-
fate reducing bacteria were involved in the reductive
dechlorination of CT to CF. Reductive dechlorination
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Figure 2. Effect of the carbon tetrachloride concentration on carbon
tetrachloride transformation by a sulfate reducing mixed culture in
a minimal medium. Ethanol (1 mM) served as an electron donor.
The batch cultures were analyzed after 27 days. Symbols:% of CT
transformed M);% of CT transformed to CH{); concentration of
sulfate reduced@).

termined in batch cultures. Ethanol (2 mM) served as
an electron donotr.

In the absence of CT, ethanol was utilized by the
sulfate reducing population to nearly complete re-
duction of all available sulfate (812M) (Figure 2).

Up to a CT concentration of 18.2M, sulfate re-
duction did not significantly change. However, at
higher CT concentrations the amount of sulfate re-
duced rapidly decreased and at a CT concentration
of 38.2 uM, sulfate reduction was nearly completely
inhibited. This results in an toxicity level of CT for
the sulfate reducing population of about 381. Egli

et al. (1988) described inhibition of the autotrophic
growth of Desulfobacterium autotrophicumt a CT
concentration of 8QM.

Since sulfate reduction became inhibited at CT
concentrations above 20M, the amount of CT trans-
formed to CF also decreased. At the highest CT con-

by these bacteria is a cometabolic process since nocentration tested (76,3M), no sulfate reduction and

CT transformation occurred in the absence of an elec-

tron donor (ethanol) or a suitable electron acceptor
(sulfate). Inhibition of CT transformation by hydro-

thus no reductive dechlorination of CT to CF occurred.

Effect of different electron donors on CT

gen peroxide suggested that CT transformation also transformation by sulfate reducing bacteria

depended on the input of reducing equivalents.

Toxicity of CT for sulfate reducing bacteria

At a CT concentration in the packed-bed reactor of

The rate and the products of cometabolic transfor-
mation of chlorinated hydrocarbons often depend on
the type of electron donor that is available (Mikesell
& Boyd 1990; Lewis & Crawford 1993). To deter-

56.6 uM, sulfate reduction was nearly completely mine whether this also applies for CT transformation
inhibited. This suggests that CT is toxic to sulfate re- by the sulfate reducing enrichment culture from the
ducing bacteria. The toxicity level of CT for the sulfate packed-bed reactor, different electron donors were
reducing population in the packed-bed reactor was de- tested (Table 3; Figure 3).
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Table 3. Transformation of carbon tetrachloride by a sulfate reducing mixed batch culture in the presence of different electron
donors. The initial concentration of the different electron donors was 1 mM

electron AGYL t=0 t=13 days
donor (kd/mol) CcT CT CF Rax? SO%—

(M) (uM) (uM) (nmol- mI~1. h=1) reduced (mM)
H,/COy - 95 10.1 2.2 (229%) 5.2(51%f  1.83 0.049
formate —36.7 10.9 2.4 (22%) 6.5 (60%) 1.72 0.246
methanol —73.0 10.3 10.3 (100%)  <0.1 (0%) 0 0.003
acetate —47.6 9.7 <0.1 (0%) 6.6 (68%) 2.03 0.369
ethanol —66.4 10.4 <0.1 (0%) 9.4 (90%) 5.09 0.486
lactate —80.0 10.3 7.9 (77%) 2.1 (20%) 0.21 0.333
propionate  —37.7 10.1 7.2 (71%) 3.4 (34%) 0.15 0.494

1 AGY values are taken from Thauer et al. (19727[‘2,,1” = maximum observed rate of CT transformatiérpercentage of
CT remaining after 13 dayé;percentage of CT transformed to CF after 13 days.

Py v donors _tgsted, the percentage of CT transformed to
2 X \ \ unidentified products was below 27%.
2 ol \\ methanol For application of microbial CT transformation
S \j o, under sulfate reducing conditions, complete dechlori-
§ sl \ nation of CT is to be preferred over the formation and
5 b hydrogen accumulation of CF or DCM. Acetate therefore ap-
c \O\o . R peared a more promising electron donor than ethanol,
E 3T ] although complete dechlorination of CT under sulfate
© \ ethanol reducing conditions without the formation of CF is not
0 Pes—a—s —8 —a likely to occur.
0 50 100 150 200 250
Time [h] ) )
Figure 3. Transformation of carbon tetrachloride (4®1) by a sul- Discussion
fate reducing mixed culture with different electron donors (1 mM)in
a minimal medium. Symbols: ethandlly; hydrogen ©); methanol Bioremediation processes can only be applied for
(©). clean-up purposes at CT contaminated sites if com-

plete mineralization can be established. Complete
dechlorination of CT without the formation of CF or
With all electron donors tested, except methanol, DCM does not appear to be possible by the sulfate
both sulfate reduction and CT transformation to chlo- reducing population in our reactor. The main path-
roform occurred. Methane production was not found. way of CT transformation by sulfate reducing bacteria
The concentration of CT transformed seems unrelatedwas found to be reductive dechlorination to CF and
to either the amount of sulfate reduced or the energy DCM (Figure 4). Both CF and DCM accumulated
yield per mole of electron donor (Table 3). and were not further dechlorinated to chloromethane
Only with acetate or ethanol as electron donors or methane. The accumulation of CF and DCM prob-
complete CT transformation occurred. The maximum ably resulted from a decrease in the redox potential
observed rate of CT transformation (3), which for reductive dechlorination with each reductive step
was calculated from the rate of CT disappearance making the transformation less favorable. Reductive
in the batch cultures (Figure 3), was 3 times higher dechlorination of DCM to chloromethane and methane
with ethanol then with acetate (Table 3). However, has been described but only under methanogenic and
with ethanol CT was nearly completely 90%) trans- acetogenic conditions and at very low transforma-
formed to CF, while with acetate only 68% was trans- tion rates (Egli et al. 1988; Mikesell & Boyd 1990).
formed to CF and 32% was transformed to uniden- Besides reductive dechlorination, DCM can also be
tified products. This corresponds with our findings fermented by anaerobic bacteria, a process which sup-
in the packed-bed reactor. With all other electron ports growth (Méagli et al. 1996). We did not find
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Figure 4. Proposed pathways for the anaerobic transformation of
carbon tetrachloride (deduced from Criddle et al. 1991).

evidence for fermentation of DCM in our experi-
ments. This could be a result of the toxicity of CF, the
other product of CT transformation, to DCM utilizing
bacteria (Magli et al. 1996). Inhibition of DCM trans-
formation is probably not caused by sulfate. When all

435

ducing conditions, also had no significant effect on the
transformation of CT (data not shown).

Carbon dioxide can be formed as a result of
both biotic (Bouwer & McCarty 1983 1983a; Egli
et al. 1988 1990; Criddle et al. 1990) and abiotic
(Kriegman-King & Reinhard 1992) transformation of
CT. The pathway of biological CT transformation to
CO, is not yet clear. It is generally agreed that the
first step is a one electron reduction of CT to give
a trichloromethyl radical and a chlorine ion (Criddle
and McCarty 1991). A second electron transfer step
would lead to the formation of dichlorocarbene, which
hydrolyzes either to formic acid or carbon monoxide
(Figure 4). Transformation of CT to formic acid has
never been reported but carbon monoxide formation
from CT has been demonstrated (Krone et al. 1991;
Stromeyer et al. 1992; Hashham et al. 1995; Chiu
and Reinhard, 1996). Both formic acid and carbon
monoxide, when formed, can be biologically oxidized
to COp. Biological transformation of CT to C&in the
reactor is possible. Abiotic hydrolysis of CT to GO
probably did not occur since in a sterile control reactor
no transformation of CT was detected.

Although CT was mainly transformed to CF and
DCM in the presence of sulfate in the reactor, under
two different conditions CT transformation without

sulfate present in the reactor was completely reduced, the formation of CT and DCM occurred. First, at

DCM transformation still did not occur (Table 1).
Part of CT transformed in the reactor was con-

CT concentrations higher than 4(M, when sulfate
reduction (and methane production) was completely

verted to unknown products. Hexachloroethane, be- inhibited. Secondly, when besides sulfate reducing
sides CF and DCM the only other reported chlorinated bacteria also methanogens were presentin the packed-

product of CT transformation under anerobic condi-
tions (Criddle et al. 1991; Figure 4), was not found
as a product of CT transformation. The formation of
chloride at a CT concentration of 56.6M (Table 2)

bed reactor. Under methanogenic conditions, CT is
readily mineralized (Bouwer & McCarty 1983; Egli
et al. 1987; de Best et al. unpubl.).

These results suggested that inhibition of sulfate

suggested that CT was completely dechlorinated. Two reduction and/or stimulation of methanogenic activity

main products for complete CT dechlorination un-

can lead to complete CT mineralization. This could

der anaerobic conditions have been described, carbonbe used for the bioremediation of CT contaminated

disulfide and carbon dioxide.

groundwaters containing high sulfate concentrations.

In the presence of sulfide, CT can be transformed Stimulation of methanogenic activity at sites with high

to CS (Figure 4; Kriegman-King & Reinhard 1992;
Curtis & Reinhard 1994). The reaction of CT with
sulfide is an abiotic transformation which can be cat-

alyzed by corrinoids, present in anaerobic bacteria

(Hashham et al. 1995). CT transformation to,CS
probably did not occur in the reactor. At a CT con-
centration of 56.6:M, sulfate reduction, and thus the
formation of sulfide, were completely inhibited in the
reactor (Table 2) while CT transformation to unknown
products still occurred. Removal of sulfide (421)
from the influent of the reactor, added to maintain re-

sulfate concentrations could be achieved by the ad-
dition of an excess of electron donor resulting in
simultaneous sulfate reduction and methanogenesis.
Besides stimulation of methanogenic activity, the
development of acetogenic activity or denitrification
could possibly also lead to CT mineralization. Min-
eralization of CT to CQ is also the predominant
transformation pathway under these electron accept-
ing conditions (Bouwer & McCarty, 1983a; Egli et
al. 1988; Criddle et al. 1990). CT transformation
under iron reducing conditions has only been stud-
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ied by Picardal et al., (1993). They found CF as the de Best JH, Jongema H, Weijling A, Doddema HJ Janssen DB &

0n|y transformation product of CT transformation in Harder W (1997) Transformation of 1,1,1-trichloroethane in an
Shewanella putrefacierifoo anaerobic packed-bed reactor at various concentrations of 1,1,1-

L trichloroethane, acetate and sulfate. Appl. Microbiol. Biotechnol.
Although complete dechlorination of CT by the 48: 417-423

sulfate reducing bacteria in our reactor did not oc- Distefano TD, Gossett JM & Zinder SH (1992) Hydrogen as an
cur without simultaneous formation of CF and DCM, electron_don_or for dechlorination Qf tetrac_:hlorgethene by an
there are possibilities to achieve complete anaerobic ggggmb'c mixed culture. Appl. Environ. Microbiol. 58: 3622
biological dechlorination of CT present in groundwa- ggii c, Scholtz R, Cook AM & Leisinger T (1987) Anaerobic
ter that also contains high sulfate concentrations. More  dechlorination of tetrachloromethane and 1,2-dichloroethane to
information is needed on the costs and the possibilities degﬁd;b'e %mdtuc_ts by pure Scwgreiafsf'fgbjgteg“Ymsz%l
S . andMethanobacteriunsp. icrobiol. Lett. 43: 257

for application of these techniques to assess WhemerEin C, Tschan T, Scholtz Rp Cook AM & Leisinger T (1988) Trans-
bioremediation of contaminated groundwater is an at-  formation of tetrachloromethane to dichloromethane and carbon-
tractive option that can compete with other techniques  dioxide by Acetobacterium woodiiAppl. Environ. Microbiol.

such as activated carbon absorption, extraction or _ >4 2819-2824 N
P ’ Egli C, Stromeyer SA, Cook AM & Leisinger T (1990) Transforma-

stripping. tion of tetrachloromethane and chloroform to £y anaerobic
bacteria is a non-enzymic process. FEMS Microbiol. Lett. 68:
207-212
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