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ABSTRACT:  One of the main problems associated with remediation of chlorinated 
solvent groundwater contamination is the presence of NAPLs in the source zone.  NAPLs 
are often better treated through solvent extraction, surfactant washing, or vapor extraction 
than through bioremediation.  Removal of NAPL through solvent extraction would likely 
leave a substantial residual of both the extraction solvent and the chlorinated solvent.  We 
hypothesized that utilization of the remaining extraction solvent as an electron donor 
could be exploited to clean up the remaining chlorinated solvent following source zone 
remediation.  The main question is whether a suitable extraction solvent could work as an 
electron donor to drive reductive dechlorination.  Many different compounds have been 
used as electron donors to stimulate reductive dechlorination, including volatile fatty 
acids (VFAs), sugars, hydrogen, and polymeric compounds.  Generally, it is regarded that 
fermentation of compounds yields hydrogen, the true electron donor for reductive 
dechlorination.  Compounds with high hydrogen yields generally are thought to be the 
best electron donors for bioremediation.  After looking at several potential candidate 
solvents that might serve as electron donors for reductive dechlorination, we decided to 
investigate the “green technology” solvent ethyl lactate.  Ethyl lactate (EL) is reported to 
be easily broken down in the environment (although data is notably sparse on the exact 
metabolites).  Possible metabolites would likely be ethanol and lactate.  Since the latter is 
an excellent source of hydrogen through fermentative processes, we investigated whether 
a mixed culture known to degrade PCE could grow on EL and whether it could stimulate 
PCE dechlorination.  An anaerobic flow through reactor with decanting was developed to 
harvest culture cellmass.  The reactor was fed EL and PCE separately and inoculated with 
a mixed culture previously shown to dechlorinate PCE with lactate as the electron donor.  
Following an initial start-up period, cellmass production commenced (as shown by 
protein production) and PCE dechlorination was observed (by chloride release).  Analysis 
of PCE metabolites was performed in batch incubations and the theoretical chloride 
release was compared to that observed in the culture.  The results demonstrate the EL can 
serve as an electron donor to drive reductive dechlorination of PCE, and may hold 
promise for in situ bioremediation applications following source zone remediation. 
 
INTRODUCTION 

Chlorinated solvents are hazardous compounds that are common contaminates of 
soil, sediments, and groundwater (GW) aquifers. The most prevalent chlorinated solvents 
are the chloroethenes (CEs), which frequently occur as dense non-aqueous phase liquids 
(DNAPLs) in GW. Some commonly found CEs are perchloroethene (PCE), 
trichloroethene (TCE), dichloroethene (DCE) and vinyl chloride (VC). Because of their 
known adverse health effects, treatment is required when human exposure is possible. 



  

  

Potential 
treatments for in situ GW 
remediation in current use 
include: pump-and-treat, 
solvent 
flushing/cosolvent 
extraction, air sparging 
and bioremediation. Due 
to strong partitioning to 
the solid phase, the 
pump-and-treat method is 
very slow for 
hydrophobic compounds 
and can be hindered by 
DNAPL formation. Air 
sparging can be effective 
for VOCs but typically 
has high installation 
costs.  The cosolvent 
extraction method has 
been shown to be 
effective but ultimately 
leaves a residue of the 
extraction solvent and 
contaminants that may 
require further treatment.  

Bioremediation of CEs can occur both aerobically or anaerobically. Many studies 
have been made on aerobic dechlorination of CEs (Vogel et al., 1987; Wackett et al., 
1992; Nielson et al., 1990).  PCE is totally recalcitrant to biodegradation under aerobic 
conditions. VC is the only CE that can serve as a primary substrate, whereas TCE and 
DCE can be degraded only cometabolically (compounds are transformed fortuitously by 
the organisms using some other compound as substrate) under aerobic conditions. VC 
can also be degraded by cometabolism. Under anaerobic conditions, CEs can be degraded 
by reductive dechlorination in which CEs are utilized as electron acceptors and alternate 
carbon sources are used as electron donors. Reductive dechlorination often supports 
growth of the cultures resulting in either partially or completely dechlorinated products 
(Ferguson and Pietari, 2000). Many obligately anaerobic microbes are found to degrade 
CEs.  PCE and TCE can act as electron acceptors by dechlorinating cultures like 
Dehalospirillum multivorans (DHM) and Desulfitobacterium which derive energy from 
the oxidation of electron donors like lactate and H2 in a process known as halorespiration 
(Neumann et al., 1995; Gerritse et al., 1996). Pure cultures like DHM (Neumann et al., 
1995) and methanogens like Methanosarcina sp. and Methanobacterium 
thermoautotrophicum  (Fathepure et al., 1987) showed partial dechlorination of PCE. The 
former dechlorinates PCE to cisDCE while the latter dechlorinates PCE to TCE. 
Complete transformation of PCE to ethene (ETH) was first observed in methanogenic 
cultures (Freedman and Gossett, 1989). PCE to ethene (ETH) transformation was also 
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FIGURE 1. Stepwise reductive dechlorination of PCE to 
ethene mediated by mixed culture. In each step, hydrogen is 

the electron donor for dechlorination mediated by the 
appropriate organism. 
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observed on nonmethanogenic mixed cultures (Distefano et al., 1991 and 1992). The 
complete degradation pathway of PCE dechlorination followed in anaerobic conditions is 
shown in Figure 1.  

Dehalococcides ethenogens strain195 is the first pure culture reported to 
completely dechlorinate PCE to ethene (Maymo-Gatell et al., 1997). In polluted 
environments, anoxic conditions develop rapidly, which induces biochemical constraints 
on aerobic microorganisms and favors reductive dechlorination (Madigan et al., 2000). In 
addition, to exploit cometabolism in-situ, inducing cosubstrates like methane, toluene, or 
phenol need to be added to the aquifer; all of which present problems. Thus reductive 
dechlorination is generally more applicable for the dechlorination of CEs in groundwater 
rather than aerobic cometabolism.  

Ethyl lactate (EL) is a “green” technology solvent that has gained attention as a 
substitute for more toxic solvents.  We hypothesized that it may be useful as a solvent to 
use in extraction of high concentrations of CE in situ for source zone remediation. Our 
hypothesis is that residual solvent left after cosovlent extraction could drive reductive 
dechlorination of residual CE by indigenous microorganisms. We hypothesized that EL 
will breakdown to ethanol and lactate, a well-known H2 forming compound 
(Ballapragada, 1996). The work described in this paper has the following objectives: (1) 
to determine the capability of a mixed culture of known dechlorinating bacteria to grow 
on ethyl lactate as an electron donor (2) to examine whether these cultures could 
dechlorinate PCE during their growth, (3) to study the abiotic breakdown of ethyl lactate 
in water and in pure form, and (4) to characterize the growth and dechlorination kinetics 
of these cultures in a bioreactor to those of a pure culture of Dehalospirillum multivorans 
(a known dechlorinating culture) growing on sodium lactate.  
 
MATERIALS AND METHODS 

A mixed culture (designated mixed culture #9) and a pure culture of 
Dehalospirillum mutlivorans (DHM) were kindly provided by Dr. Robert A. Sanford, 
from the Department of Civil Engineering, University of Illinois at Urbana Champaign. 
Mixed culture#9 was obtained from enrichment from the Sangamon River (Illinois, 
USA). Mixed culture #9 is capable of complete dechlorination of PCE to ethene in the 
presence of volatile fatty acid (VFA) mixtures. DHM is a pure culture obtained through 
isolation from a PCE dechlorinating mixed culture known to dechlorinate PCE to cDCE 
using pyruvate as the ED (Neumann et al., 1994). These cultures are highly sensitive to 
oxygen and hence, were maintained under strictly anaerobic conditions. These cultures 
were grown on reduced anaerobic mineral media (RAMM) medium with 16.44 mg/L of 
chloride, 6.09 mg/L of sulfate, 866 mg/L of phosphate and 320 mg/L of sulfide ( 
Wischnak et al., 1998). 

Batch experiments were performed to find the capacity of EL to stimulate CE 
dechlorination from these cultures. Continuously fed batch reactors (CFBR) fed with 
PCE at 0.88µl/hr and with 1mM EL at an interval of 12 hours at 2.5 ml/min were 
inoculated with mixed culture#9. A second CFBR was inoculated with DHM and 
continuously fed with PCE at the same rate and 1mM sodium lactate to compare the cell 
growth rate with CFBR1. A low chloride medium (0.41 mg/L chloride, 5.12 mg/L of 
sulfate, 885 mg/L of phosphate and 3.19 mg/L of sulfide) was used to supply ED to the 
CFBRs. Both reactors had a hydraulic retention time of 5 days and were incubated at 



  

  

32oC. Dechlorination was monitored by measuring chloride by ion chromatography using 
a Dionex IC25 Ion Chromatography. Cellmass production was determined from protein 
measured by the Bovine Serum Albumin (BSA) test. EL breakdown was observed using 
spectrophotometry (UV 2100, UNICO), gas chromatography coupled with mass 
spectrometry (GC/MS, 6890 N, Agilent), and by ion trap mass spectrometry equipped 
with electrospray ionization (LCQ, Finnigan, RRC). 

A mass balance was performed on the reactors to determine the pseudo first-order 
rate of dechlorination (k) for both the reactors. This model is based on the amount of 
chloride and biomass produced in the reactors assuming that X and C are large compared 
to the dechlorination rate and dX/dt ~ 0 over short time periods for anaerobes. 

The mass balance equation is given by: 

routoutininr kCVCQCQV
dt
dC
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  (1) 

 

dt
dC = Rate of change in chloride concentration (mg l-1) 

k = Pseudo-first order dechlorination rate (d-1) 
rV = Volume of the reactor (ml) 

inQ = Rate of influent of medium to the reactor (l d-1) 

outQ = Rate of Effluent of medium from the reactor (l d-1) 

inC = Concentration of Chloride in the influent (mg l-1) 

outC = Concentration of Chloride in the effluent (mg l-1) 
C = Concentration of Chloride produced in the reactor (=Cout) (mg l-1) 
 
At quasi steady state; equation 1 is modified as, 
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RESULTS AND DISCUSSION 
 
Batch Experiments. All the cultures were fed with different EDs using high chloride 
RAMM for analyzing the stimulation of chloride release by the EDs and the utilization of 
these EDs for growth by these cultures. Chloride release in these cultures was also 
compared to chloride measured in uninoculated controls. After 30 days, chloride released 
by mixed culture #9 fed with 20µL PCE+EL was compared with that of PCE+lactate, 
PCE+acetate and the uninoculated control. Chloride release in mixed culture #9 fed with 
PCE and EL was nearly 10 times higher than in the reactors fed with lactate and acetate 
(Figure 2). EL was thus found to stimulate chloride release by mixed culture #9 (thus 
supporting PCE dechlorination) to a much greater extent than the other EDs. In addition, 



  

  

cell mass levels increased greatly in the EL-fed culture (data not shown). Based on the 
results obtained from the batch experiments, we decided to establish CFBRs for further 
research using EL for 
production of greater 
amounts of the PCE 
dechlorinating 
cultures: mixed 
culture #9 fed with 
EL and DHM fed 
with lactate. DHM is 
a well characterized 
organism that was 
used as a basis of 
comparison and 
control.  
 
Chloride release and 
biomass production in CFBR. Both CFBR1 and CFBR2 were analyzed for chloride 
release and biomass production. Chloride and biomass (as protein) production were 
plotted against time to characterize reactor performance.  
  
CFBR1 with mixed culture #9. EL immediately stimulated chloride release in the 
reactor (Figure 3a) significantly greater than the amount of chloride in the low chloride 
medium (0.41 mg/l). However, this was partially the result of the residual high chloride 
medium present in the batch culture (100 ml) used for inoculating the CFBR, which was 
washed out following two hydraulic residence times (10 days). The chloride production 
thus indicates the dechlorination activity occurring in the reactor. From days 20 – 100, 
the average chloride production was 30 µM, compared to a PCE feed of 2560 µM. The 
biomass production in CFBR1 was immediately stimulated by EL (Figure 3b).  
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FIGURE 2. Chloride release after 30 days in mixed culture #9 

fed with PCE and various EDs.  
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FIGURE 3. (a) Chloride production in CFBR1. Average chloride release over days 20-100 
was 30 µM compared to a PCE feed of 2560µM;  

(b) Biomass measured as protein in CFBR1. Arrows represent the switch to low 
chloride media and a lower PCE feed rate.
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Although cellmass decreased slightly after one month, the culture was sustained over 
three months, demonstrating continual growth on the only potential electron acceptor 
(PCE).  
 
CFBR2 with DHM. The 
chloride release in CFBR2 with 
the pure culture DHM followed a 
similar trend to chloride 
production in CFBR1. There was 
a decrease in chloride release 
after the PCE feed was 
decreased. After the PCE feed 
was increased to 15 µl, chloride 
production again increased after 
the next 20 days (data not 
shown). After correcting for 
influent chloride, the chloride 
production resulted in a steady 
rate of 50µM chloride release. 
The biomass production 
(measured as protein) in the 
reactor showed a substantial 
increase from the beginning. 
Unlike the case in CFBR1, no 
substantial decrease in protein 
was observed. Thus the biomass 
growth was more consistent than 
mixed culture #9 indicating 
stable DHM growth.  
 
Measurement of PCE 
dechlorination rate. The 
amount and rate of PCE 
degraded was calculated 
assuming that the total amount of 
chloride produced was from the 
dechlorination of PCE to TCE, 
thus releasing one chloride ion for each molecule of PCE dechlorinated. The rate of 
dechlorination of PCE by mixed culture # 9 fed with EL in CFBR1 and DHM fed with 
lactate in CFBR2 were calculated by considering the rate and amount of PCE fed to the 
reactors. Initially, the dechlorination rate was obfuscated by the residual chloride in the 
inoculum and thus was omitted prior to day 20 (data not shown). The cumulative amount 
of PCE fed through 87 days was approximately 2490 mg whereas the amount degraded 
was only 48 mg (approximately 2%). Thus we decided to decrease the rate of PCE feed 
and monitor the amount of PCE degraded. This change in rate of PCE fed resulted in the 
decrease in the PCE dechlorination rate that is shown by the data at 94 days. Over the 
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Figure 4 Mean and standard deviation of the 
specific rates of PCE dechlorination a) 

CFBR1 by mixed culture #9; b) CFBR2 by 
DHM. 



  

  

entire duration of the experiment, the first order rate was 0.11 +/- 0.03 d-1. In CFBR2, the 
rate of dechlorination calculated from the mass balance showed a consistent increase in 
the rate, followed by a decrease as the rate of PCE fed to the reactor was decreased. Over 
the entire course of operation the first order PCE dechlorination rate by DHM was 0.12 
+/- 0.04 d-1, not significantly different from CFBR1. 

 
Specific rates of PCE dechlorination. The specific rates of PCE dechlorination were 
calculated by normalizing the rate of PCE dechlorinated obtained from chloride release 
data and the mass balance on the reactors to the biomass in the reactor. The specific rate 
then is computed from the pseudo first order rate multiplied by the ratio of the mass of 
PCE dechlorinated to mass of cells. Over the course of the experiment the specific rate of 
CFBR1 was 3.3 +/- 0.86 µg (mg protein l)-1. In CFBR2, the specific rate calculated from 
the chloride production data increased initially very highly due to residual chloride and 
then dropped to a relatively steady rate of 40-70 µg (mg protein l d)-1 after day 6 (Figure 
4a). The specific rate calculated over the course of the experiment was as 8.9 +/- 4.9 (µg 
mg protein l)-1. For comparison, the dechlorination rates obtained from both the chloride 
data and mass balance for chloride production were calculated and the standard deviation 
of these rates from the mean has been plotted (Figure 4b).  

 
Abiotic break down of ethyl lactate. Given that EL clearly supports the growth of 
mixed culture #9, we wanted to determine whether EL will breakdown abiotically. The 
full spectrophotometric scan of pure EL and 1:1000 EL diluted with DI was assayed for a 
change in the absorption spectra with time. It was observed that there was a peak at 
350nm that increased with time (data not shown). To identify the putative compound(s) 
formed from this experiment, freshly prepared pure EL and EL+DI samples and aged 
samples were analyzed by GC/MS. The pure EL sample aged for 3 days was analyzed 
and the total ion chromatogram showed a peak with a retention time of 1.5 minutes. The 
peak was identified as ethanol using the NIST library search by comparing the m/z value 
in the mass spectrum. However, the ethanol peak area was considerably less than the 
amount of EL present initially, suggesting a slow ethanol formation rate. Lactic acid, 
assumed to be another EL breakdown product was not detectable using GC/MS without 
derivitization of the acid group. Thus to confirm whether lactic acid was formed from 
hydrolysis of EL, the samples were analyzed by electrospray ionization (ESI) which can 
detect underivitized short chain fatty acids. 

A set of 4 samples were analyzed by ESI: 4 hours and 7 days aged EL, diluted 
1:200 in methanol, and EL diluted 1:1000 in DI at 4 hours and 7 days aging. The acid 
moiety test which is a negative ion test specific to compounds containing acid groups of 
molecular weight > 50 daltons, showed the emergence of a large peak with a mass of 89.3 
in the spectra (Figure 5a). The molecular mass of lactic acid is exactly matching when it 
loses 1 hydrogen ion during the analysis. This was seen in all the samples, indicating that 
lactate is indeed abiotically produced from EL. In addition, the ester test, a positive ion 
test specific to ester-bonds, was performed on these samples. Ethyl ester appeared in all 
samples showing a mass of 119 in the spectra (Figure 5b). The molecular mass of ethyl 
ester is 118, which in the ester test acquire one hydrogen ion to 119. The ester peak found 



  

  

 

a) 

 
b) 

 
FIGURE 5. Acid moiety test spectrum of DI+EL. a) Sample aged for 7 
days. The large peak at m/z = 89.3 corresponds to lactic acid following 

loss of H. Peaks at large m/z represent molecular dimmers, trimers, 
and tetramers; b) Ester test spectrum of DI+EL sample aged for 7 

days. Peak at m/z = 119 correspond to EL plus a gain of one H. Higher 
peaks represent dimmers, trimers and tetramers of EL. 
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was relatively lower than the acid peak formed. Another interesting phenomenon found 
during this analysis was that the lactic acid peak increased with aging of the sample. It 
was found more in the DI diluted EL samples than the methanol diluted samples. This 
suggests that water increases the abiotic breakdown rate of EL. The lactic acid peak 
found in DI+EL sample aged for 7 days had a higher relative abundance than the other 
samples (Figure 5a).  

 
CONCLUSIONS 

Based on the results and discussion, the following conclusions were made: (1) the 
“green” solvent EL stimulates PCE dechlorination by mixed culture#9; (2) CFBRs can 
improve biomass production and also favor dechlorination of PCE; (3) Although the first 
order dechlorination was not statistically significantly different between DHM fed lactate 
and mixed culture #9 + EL, the specific rate was significantly lower in the EL fed reactor 
due to the higher biomass levels; (4) EL abiotically breaks down to lactic acid and 
ethanol, the lactic acid production was increased with time. Studies are currently 
underway to quantify the PCE metabolites and dechlorination pathways in the cultures. 
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