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This research focuses on the anaerobic transformation of trichloroethylene 

(TCE) that is occurring in the subsurface of the Evanite site in Corvallis, OR. Two 

anaerobic studies were conducted to investigate the effects of microbial communities in 

the presence of different electron donors during the anaerobic degradation of 

trichlorofluoroethylene (TCFE), and TCE. The first study was conducted in the 

groundwater microcosm bottles, filled with groundwater collected from the monitoring 

well 15 at the site. Because TCE was present in low concentrations in this well, TCFE 

was added to the microcosms as a surrogate compound that might be dehalogenated 

like TCE. Lactate, formate and hydrogen were evaluated as substrates for driving the 

anaerobic transformations. These substrates and products are potential electron donors 

to enhance the dechlorination of TCE and possibly TCFE. When injecting TCFE with 

one of the substrates in the microcosm bottles, a quick reduction of TCFE was 

observed to cis-dichlorofluoroethylene (cis-DCFE), and the transformation of the 

substrates to acetate. When TCFE and TCE were present as mixtures, a faster 

reduction of TCE to cis-DCE was observed compared to TCFE to cis-DCFE. The 
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second study was an in-situ push-pull test at well15. Formate and TCFE were added 

to groundwater extracted from welll5. The amended groundwater was injected and 

extracted after a reaction time ranging from 3 to 5 hours. This study was conducted to 

determine the in-situ response to the addition of an electron donor to enhance the 

biotransformation of TCFE and TCE. During the push-pull test no transformation of 

formate to acetate was observed. Some TCFE was transformed to cis-DCFE. It is 

possible that another electron donor was present in the aquifer that lead TCE to 

transform to cis-DCE and furthermore to VC, and TCFE to cis-DCFE under reductive 

dechlorination conditions. These anaerobic systems involve the interaction of several 

reactions within the microbial population. Different transformations throughout the 

experimentation were an indication that the microbial population was active during the 

different stages of the study. 
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Effect of Electron Donors on the Reductive Dechlorination 

of Trichlorofluoroethylene in Anaerobic Microcosms 


and In Situ Push-Pull Tests 


INTRODUCTION 

TCE Significance 

Trichloroethylene (TCE) is the most common contaminant at hazardous waste 

sites on the National Priority list of the U.S. Environmental Protection Agency (US 

EPA, 1985). TCE was widely used as an industrial degreaser and solvent from the 

1940s to the 1970s (Gerritse et al., 1995) and often disposed of inadequately in 

underground drums or containers, where accidental spills could potentially contaminate 

the underlying aquifer. As a suspected carcinogen, TCE posses a significant threat to 

groundwater quality when a spill does occur. Identifying the conditions that promote 

biodegradation of TCE and other chlorinated ethenes would contribute significantly to 

methods used to restore contaminated aquifers. Many chemicals can be biologically 

degraded, but the microorganisms often cannot get enough energy from these 

transformations, requiring a carbon and energy source for either aerobic or anaerobic 

degradation (Semprini, 1995). This research focuses on studying the anaerobic 

transformations of TCE that are occurring in the subsurface of the Evanite site in 

Corvallis, OR. 
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Site Description 

The area being studied is a former battery separator plant located in Corvallis, 

Oregon. In 1978 TCE leaked from a tank located to the West of the battery separator 

building. The location was not paved, permitting the spill to reach the underlying 

aquifer. The contamination was first discovered in August 1985. Immediate steps 

were taken to assess the extent of the TCE contamination (including daughter products) 

in the groundwater and surrounding soil (Evanite, 1988). The battery separator plant is 

located at an elevation of 67 m, about 250 m southwest from the confluence of the 

Marys River into the Willamette River, on a terrace gently sloping toward the rivers. 

In 1986, the first year of remediation, six onsite and nine offsite monitoring wells were 

constructed. Three where close to the spill, two downgradiant and one upgradiant. 

The remaining onsite wells were located at 120m or more from the spill. During the 

following two years, 12 more wells were constructed onsite, covering major areas, 

up gradient and down gradient of the spill (See Figure 1 for well locations). The 

groundwater flows towards the Willamette and Marys Rivers, from the southwest to 

the northeast. 

Before starting the site recovery through pump-and-treat methods, the gradients 

across the site were relatively consistent, as the water table would rise and fall evenly. 

As the site underwent cleanup, the groundwater profile changed, as some of the wells 

centered at the site acted as pumping wells, lowered the groundwater elevation at these 

specific locations. Groundwater contours are summarized in Appendix A. 
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Objectives and Scope of Work 

Reductive dechlorination or dehalogenation is the anaerobic process in which 

the chlorine in chlorinated aliphatic hydrocarbons (CAH) is replaced by hydrogen 

through a process called hydrogenolysis. This can result from chemical (abiotic) 

reactions or microbial (biotic) reactions. One objective of this work was to evaluate 

these transformations in groundwater collected from the site. 

Microcosm bottles were constructed with groundwater collected from 

monitoring well 15 at the Evanite site to study the biological transformation of TCE 

and its dehalogenated products. The groundwater from this well was selected for 

analysis because it contained the lowest concentration of TCE of wells onsite, and the 

highest concentration of vinyl chloride (VC), an anaerobic transformation product of 

TCE. The presence of VC indicated that the dehalogenation process was occurring at a 

faster rate in this area of the subsurface. Because TCE was present in low 

concentrations, (see Table 1) trichlorofluoroethylene (TCFE) was added to the bottles 

as a surrogate compound that might be dehalogenated like TCE. 

Two anaerobic studies were conducted to enhance the biotransformation of 

TCFE. 

• 	 The first one was conducted in the groundwater microcosm bottles. Lactate, 

formate and hydrogen were evaluated as substrates for driving the anaerobic 

transformations. These substrates, and products of their fermentation, act as 

electron donors to enhance the dechlorination of TCE and possibly TCFE. 

• 	 The second study was an in-situ push-pull test at monitoring well 15. Formate and 

TCFE were added to the groundwater and extracted after two and a half-hours of 
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reaction time. This study was conducted to determine the in-situ response to an 

added electron donor to enhance the biotransformation of TCFE. 

Literature Review 

Intrinsic Bioremediation 

Intrinsic bioremediation results from the ability of natural occurring 

microorganisms to transform contaminants to non-hazardous products in the subsurface 

in the absence of engineered enhancements. Since this is a less predictable method 

than pump-and-treat or other engineered methods, its progress is kept under 

surveillance as the groundwater is allowed to remain contaminated. 

Some of the advantages of having intrinsic bioremediation of groundwater 

contaminants are (Wiedemeier et al., 1996): 

• 	 The contaminants can be transformed into non-hazardous substances like C02, 

ethylene, chloride and water. 

• 	 May be less costly than other remediation processes, such as pump-and-treat. 

• 	 Pump-and-treat could transfer contaminants into the atmosphere, which could 

cause greater health risks. 


Some of the limitations are: 


• 	 It is subject to changes in velocity gradients, pH, electron acceptor and electron 

donor concentration. 

• 	 It can take a long time. 
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• 	 Intermediate transformation products can be more hazardous than the original 

contaminant. 

Since intrinsic remediation differs from conventional techniques, and promotes 

skepticism from regulation authorities, three main things must be demonstrated in 

order to support intrinsic remediation (Wiedemeier et al., 1996): 

1) The reduction of the contaminant concentration along the flow path, 

2) The documentation of chemical data showing the reduction of the contaminant, and 

3) microbiological data with the biotransformation rates of the contaminants. 

Several studies have been conducted evaluating intrinsic biodegradation at 

contaminated sites, and have presented promising evidence in support of this method. 

(Borden, 1994; Semprini, 1995; Vogel, 1994) 

Figure 2 shows the reductive pathway of TCE to ethylene. The transformation 

process via reductive dechlorination steps replaces the chlorine atoms with hydrogen 

atoms. The DCE isomers and VC are often formed as intermediate products (de Bruin 

et al., 1992). The reaction equations for these reductive dechlorination processes are 

shown on Table 5. 

Semprini (1995) studied the anaerobic transformation ofTCE in an anoxic sand 

aquifer at Saint Joseph, Michigan. The analysis indicated that sulfate reduction and 

methanogenesis were tied to the reductive dechlorination of TCE to cis-DCE, and VC 

to ethylene. An estimated 20% of TCE was transformed to ethylene by reductive 

dechlorination under natural conditions. 
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Figure 2. Sequential anaerobic transformation of TCE. (Semprini, 1995) 
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In-situ Biostimulation 

The bioremediation technology for the remediation of contaminated aquifers 

consists of stimulating the growth of microorganisms capable of degrading the organic 

pollutants by adding electron donors that will limit their habitat to the contaminated 

site, converting them to non-hazardous products. 

Semprini and McCarty, 1992, performed an extensive study at Moffett Naval 

Air Station, Mountain View California. Enhanced anaerobic biotransformations were 

achieved after injecting a known concentration of carbon tretrachloride (TC) along 

with acetate as an electron donor and nitrate and sulfate as potential electron acceptors 

into a saturated semiconfined aquifer. Injection and extraction wells were located 6 m 

apart with several intermediate ones. After nitrate was removed during the course of 

the test, reductive dehalogenation of CT to chloroform was observed. 

Anaerobic Studies 

Many laboratory studies on biodegradation of chlorinated ethenes have been 

performed over the past 20 years, using both aerobic and anaerobic processes. Some of 

these anaerobic studies are as follows: 

Bouwer and McCarty (1983) demonstrated under laboratory conditions that 

TCE and Tetrachloroethylene (PCE) could be degraded under methanogenic conditions 

when supported by acetate as a carbon source. Parsons et al. (1984) found that TCE 

could be reduced by dehalogenation to 1-2 cis-dichloroethylene (cis DCE) and cis

DCE was reduced to vinyl chloride (VC), which is a known carcinogen. 
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Vogel and McCarty (1985), and Barrio-Lage et al. (1986), also observed PCE 

and TCE degradation under methanogenic conditions to C02• Freedman and Gossett 

(1989) in their laboratory studies, determined that VC could degrade to ethylene, which 

is a non-toxic end product. 

Fennell et al. (1997) found that by adding certain organic substrates like lactate, 

butyrate, ethanol and propionate to an anaerobic PCE degrading culture, hydrogen 

levels would increase, and would eventually reduce under methanogenic conditions. 

Hydrogen was found to be the ultimate electron donor for dehalogenation reactions. 

The biotic transformation of organic compounds to methane (methanogenesis) requires 

fermentors, acetogens (acetate producers) and methanogens in a complex microbial 

comunity. Fermentors metabolize various organic compounds to H2, C02 and volatile 

fatty acids (VFAs) like formate and acetate. The acetogens transform the higher VFAs 

to acetate and H2, or to acetate and formate. Methanogens produce methane by 

reducing acetate or C02 with electrons from hydrogen or formate (Ferry, 1992). 

Microorganisms that can dehalogenate PCE and TCE to ethylene have been found in 

this complex microbial community. 

According to studies, by Matheson and Tratnyek (1994) and Yager et al. 

(1997), the dehalogenation of chlorinated compounds can be observed with the 

oxidation of Fe2
+ to Fe3

+, as shown on the following equation (Matheson and Tratnyek, 

1994): 
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Yager et al. (1997) hypothesized that the transformation of TCB to cis- CB, to 

VC and to ethylene was occurring under iron-reducing conditions, when studyi 

consisting primarily of petroliferous dolomite formation containing metal sulfi s. 

A novel methodology involving the application of trichlorofluoroethyle e 

(TCFE) as a potential surrogate fluorinated compound to investigate TCB 

dehalogenation rates has been proposed (Vancheeswaran et al., 1999). To date nly 

laboratory microorganism tests has been performed to evaluate how TCFE 

dehalogenation rates and pathways track that of TCB. See Figure 3 for TCFE 

dechlorination pathway. 

One of the first abiotic studies of TCFE transformation was performed 

et al. (1997) using metal-containing cofactors as effective electron transfer med ators 

for the reduction of PCB, TCB and TCFE. With respect to TCFE, only three pr ducts 

were detected: 1,1-DCFE, trans-DCFE, and cis-DCFE, the last one representin 

major product. 

Vancheeswaran et al. (1999) presented a study comparing the degradati n of 

TCFE, PCB and TCB under anaerobic conditions. They were able to observe a apid 

first-step dechlorination of all the compounds within the first days of incubatio . For 

PCB and TCB, transformation stopped at cis-DCB after 10 and 6 days of incuba ion 

respectively; while for TCFE mainly cis-DCFE was formed (87%) and a minor amount 

of trans-DCFE (10% ). After a week of incubation, a trace amount of 2
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Figure 3. Reductive dechlorination pathway for TCFE. (Vancheeswaran et al., 1999). 
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chlorofluoroethene was observed, although this reaction occurred at a much slower 

reaction rate than the initial dechlorination of TCFE. 

Push-Pull Tests 

The push-pull test presented as part of this research is a method developed to 

determine physical in-situ characteristics of aquifers, performed directly in monitoring 

wells. This can be more representative than laboratory methods because it involves a 

larger area of study, and it will not disturb the soil. 

Push-pull tests were initially developed by Tomich et al. (1973) to determine 

the residual oil saturation in petroleum reservoirs. Transport equations were developed 

by Gelhar and Collins (1971) for a uniformly distributed tracer, to determine 

longitudinal dispersivity of an aquifer. Hallet al. (1991) derived equations for 

determining the effective porosity of an aquifer using tracer tests. The first one to 

apply push-pull tests to microbial processes was Trudell et al. (1986), to determine 

whether denitrification was occurring. Fluids were injected and extracted, and at 

different depths, tracer, nitrate and nitrite concentrations were measured in the 

extracted fluids. lstok et al. (1997) used push-pull tests to determine microbial 

processes including aerobic respiration, denitrification, sulfate reduction, and 

methanogenesis, in petroleum contaminated aquifers. Short-term transformations were 

observed, which are usually associated to the microbial activity in the aquifer. 

Reinhard et al. (1997) presented results of push-pull tests to investigate BTEX 

degradation and to estimate zero-order reaction rates under denitrifying and sulfate 

reducing conditions, where a large volume slug was introduced into a gasoline 
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contaminated aquifer, and removed and analyzed over a three month period. Haggerty 

et al. (1998), and Istok et al. (1997) presented a simplified method for obtaining first

order reaction rate coefficients from push pull tests. Snodgrass and K.itanidis (1997) 

presented a method for estimating zero-order reaction rate coefficients for the 

microbial metabolic activity in a groundwater aquifer. 

In this study, the push-pull test was used as a method to determine in-situ 

microbial metabolic activities in monitoring well 15 at the Evanite site. The test 

solution contained a non-reactive tracer, bromide, and two reactive solutes, formate and 

TCFE, that act as the electron donor and acceptor, to assay the activity of specific 

microbial systems. During the extraction phase, concentration of tracer, reactants and 

products were measured and in a breakthrough curve was generated for computing 

mass balances and stoichiometry. 
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MATERIALS AND METHODS 


Chemicals 

The chemicals used in this research were obtained from the following vendors: 

Trichlorofluoroethene (TCFE) 97% pure (Lancaster Synthesis, Inc. Windham, NH), 

dichlorofluoroethene (DCFE) 98% pure mixture of approximately 50% of cis-DCFE 

and 50% trans-DCFE (SBCR GmBH, Karlsruhe, Germany), 1-2-chlorofluoroethylene 

97% pure mixture of approximately 50% of cis-1-2-chlorofluoroethylene and 50% 

trans-1-2-chlorofluoroethylene (SBCR GmBH, Karlsruhe, Germany), trichloroethylene 

(TCE) 99.9% pure (Fisher Scientific, Fair Lawn, NJ), cis-1,2 dichloroethene (cis DCE) 

99.9% pure (Aldrich Chemical Co. Milwaukee, WI), vinyl chloride (VC) 1000 ppm 

molar concentration balance of Nitrogen (Scott Specialty Gases, Plumsteadville, PA), 

ethylene 1000.9 ppm molar concentration balance of He (Scott Specialty Gases, 

Plumsteadville, PA), sodium lactate 60% WIW (Fisher Scientific, Fair Lawn, NJ), 

formic acid sodium salt 99% pure (Acros Organics, New Jersey), sodium acetate 

(Matheson Coleman & Bell, Cincinnati, OH), propionic acid 99% pure (Matheson 

Coleman & Bell, Cincinnati, OH), and mercuric chloride (Merck & Co., Inc., Rahway, 

NJ). 

Instrumentation 

The anaerobic glove box (Coy, Grasslake, Ml), used for the anaerobic 

construction of microcosms, had a composition of 8% hydrogen, 92% nitrogen. To 

measure the concentrations of chlorinated ethenes, methane and ethylene in headspace 
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samples, a HP 6890 Series gas chromatograph equipped with photoionization detector 

and a flame ionization detector (PID/FID) was utilized. The chromatographic 

separation was performed by a 30-m megabore GSQ plot column (J&W Scientific, 

Folsom, CA). The concentration of H2 and C02 was measured with a HP 5890 Series 

II gas chromatograph equipped with a thermal conductivity detector (TCD). The 

chromatographic separation was performed by a Carboxen™ 1000 packed column 15 

ft x 0.125 in (Supelco, Inc., Bellafonte, PA). 

A high pressure liquid chromatograph (HPLC) column 300 x 7.8 mm 

(Phenomenex, USA) in combination with a UV detector, was utilized to determine the 

concentration in the liquid phase of the acids used during the course of the tests 

(lactate, formate, acetate and propionate). This column was operated by an Alletch 425 

HPLC pump (Deerfield, IL). 

For the liquid samples taken during the push-pull extraction phase, standard 

purge and trap (P&T) analysis was performed. The P&T was connected to a HP 5890 

Series II GC equipped with an electrolytic conductivity detector (ELCD) column (OI 

Analytical, College Station, TX). This was used to measure the groundwater 

concentration of the chlorinated ethenes. 

A combination glass body bromide electrode (Model27502-05, Cole Parmer 

Instrument Co., Niles, IL) and ion-specific meter (Accumet Model 25, Denver 

Instrument Co., Arvada, CO) were used to measure the concentration of the tracer 

(bromide) in the extracted water from the push-pull test. The CHEMets® K-7501 

water analysis kits were utilized to measure the dissolved oxygen from 0 to 1 ppm, 
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during the course the push-pull test. A peristaltic pump was used to extract the water 

from the well at a constant rate during the extraction phase of the push-pull test. 

Microcosm Studies 

Groundwater used in the microcosm construction was obtained from 

monitoring well (MW) 15 at the site. MW 15 is located about 220m downgradient 

from the original spill site. The groundwater contains cis-DCE, VC and ethylene, as 

TCE dehalogenation products. 

Several wells were constructed throughout the site after discovering the TCE 

spill, and quarterly year measurements have been taken since 1988, while remediation 

of the site progressed using the pump-and-treat method. Table 1 presents the average 

concentrations of TCE and daughter products found in MW 15 from 1988 to 1998. 

Table 1. TCE, cis-DCE, VC and ethylene concentrations in mg/1 at MW 15 from 1988 
to 1998. (Average of quarterly year measurements at MW 15) (CH2M Hill1986-1999) 

Year 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 

* Data not available 

TCE 
46 
104 
90 
69 

11.9 
0.0065 

0.10 
0.024 
0.027 
0.021 
0.015 

cis DCE vc 
* * 
* * 

10.5 0.4 
11.5 0.21 
16 0.17 
9 0.16 

7.5 0.38 
0.93 0.61 
0.60 0.30 
0.54 0.45 
0.25 0.27 
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Appendix B presents a number of figures with the annual average concentration 

contours throughout the site of TCE. Cis-DCE and VC are the main contaminants 

currently present, and indicate that TCE is being dehalogenated. 

Microcosm Construction 

Nine 710-ml glass bottles (Wheaton Industries, Seattle WA) were completely 

filled with groundwater and placed in an anaerobic glove box. 210 ml of groundwater 

was removed from the bottles, which was replaced with the anaerobic glove box gas, 

consisting of 8% hydrogen and 92% nitrogen. 

The microcosms were stored in a 20°C constant temperature room. TCFE was 

added initially to three of the nine bottles, and eventually to all of them, based on the 

assumption that TCFE approximates the dehalogenation transformation of TCE 

(Vancheeswaran et al., 1999). A DCFE isomer could have been picked instead of 

TCFE, since both TCE and DCFE have three halogens. Because there was uncertainty 

of what isomer to pick, TCFE was chosen. TCFE would transform cis-DCFE, and the 

comparison could be observed from thereafter. 

The microcosms were constructed in triplicate to test the ability of three 

substrates, lactate, formate and hydrogen, to stimulate the dehalogenation activity of 

TCFE and the groundwater contaminants. One bottle with each substrate was used as a 

control, which was prepared by adding 25 mg/1 of mercuric chloride (HgCh). These 

results are shown on Appendix C. 
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Analytical Procedure 

Each microcosm bottle was sampled on average every third day throughout the 

course of the tests. For each sample, 100 J.d of headspace gas was extracted with a 

100-J..tl gas-tight glass syringe (Hamilton Co. Reno, NV), and injected into the gas 

chromatographs equipped with a TCD detector and PID/FID detector in tandem. The 

TCD gas chromatograph was used to measure the concentration of H2, C02, nitrogen 

(N2) and Cf4. The PID/FID gas chromatograph measured the concentration of the 

chlorinated compounds in the microcosms, Cf4 and ethylene. 

One ml of the groundwater was extracted for the acid analysis using the HPLC 

method. Prior to injection, the samples were centrifuged in a 5415 C Eppendorf 

centrifuge (Germany) at 14,000 revolutions/min for 10 minutes to settle the suspended 

solids. 

GC Analyses 

The following operating conditions for the PIDIFID GC were used for the 

analysis: injector temperature 250 °C; initial oven temperature 40 °C; maximum oven 

temperature 225 oc; maximum column temperature 250 oc; carrier gases: helium at 15 

mL/min, hydrogen at 35 mL/min, and air at 165 mL/min. Under these conditions the 

retention time was as follows: methane 0.98 min, ethylene 1.68 min, vinyl chloride 

5.44 min, cis-DCFE 7.10 min, trans-DCFE 7.28 min, cis-DCE 8.07 min, TCE 9.22 

min. 
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The following operating conditions for the TCD GC were used for the analysis: 

injector temperature 275 °C, initial oven temperature 50 °C; maximum oven 

temperature 225 °C; maximum column temperature 275 °C; carrier gas: argon at 15 

mUmin. Under these conditions the retention time was as follows: hydrogen 1.30 min, 

nitrogen 4.40 min, methane 11.20 min, C02 14.37 min. 

A sample chromatograph for each GC analysis is shown on Appendix D. 

HPLC Analysis 

The following operating conditions for the HPLC were used for the analysis: A 

constant flow of a sulfuric acid at a concentration of 0.005 N in DI water, and sparged 

with helium, was pumped by the HPLC at a rate of 0.5 ml/min. The UV detector was 

set at a wavelength of 210 nm. Under these conditions, the retention time for each 

component was as follows: lactate 17.5 min, formate 19.2 min, acetate 21.0 min, and 

propionate 25.3 min. A sample chromatograph is shown on Figure D3 in Appendix D. 

Determining Henry's Constant 

Standards were prepared for each compound to create calibration curves for the 

two chromatographs by relating the area from the detector's response to the mass in the 

microcosms. Henry's Law constants were not available to create standard calibration 

curves for the fluorinated compounds (TCFE, cis-DCFE, trans-DCFE, cis-1-2

chlorofluoroethylene and trans-1-2-chlorofluoroethylene ). Henry's Constants were 

determined by following the method described by McAuliffe in 1971 (Schwarzenbach 
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et al., 1993). At a constant temperature, a known volume of a mixture consisting of de

ionized (DI) water and the fluorinated compound was added to a syringe, together with 

a known headspace volume. After vigorous shaking, the syringe established gas-water 

equilibrium. For these tests, a temperature of 20°C was maintained, together with a 

liquid volume of 60 ml and headspace volume of 20 ml. A sample was taken from the 

headspace and its concentration was determined by GC PID/FID analysis. The gas was 

then expelled, and an equal volume of air (20 ml) was introduced into the syringe. The 

analysis was repeated several times. Each time the gas is expelled, the concentration of 

the solution diminishes. The log of the concentration of each gas volume is plotted 

versus the number of equilibrations needed. As described by McAuliffe, this plot 

yields a straight line with a negative slope, which is equal to 

slope =log ( Vw J (1) 
HccVK +Vw 

where Vw and V8 are the volumes of the liquid and gas phases respectively, and Hcc is 

the measured Henry's coefficient as the ratio between the concentration of the solution 

in the gas phase, and the concentration of the solution in the liquid phase (Cg!Cw). 

Equation 1 is derived in Appendix G, as Calculation 1. 

Push-Pull Test 

A Push-Pull test is a controlled injection of water with a known concentration 

of a tracer and reactive solutes into a monitoring well. This can be done throughout the 

entire well or at a specific depth in the well by isolating a section with two inflatable 
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rubber bladders or packers. These are maintained tight against the well screen by 

injecting compressed air into each of them through a flexible tube (Figures 4a and b). 

Tests can be designed by adding a substrate to enhance the activity of certain 

microbial systems. The injected solution is extracted from the well after a determined 

reaction time in the groundwater. During the injection phase, the test solution will 

flow radially between the rubber bladders or packers, outside of the well casing and 

into the aquifer (Figure 4a). During the extraction phase, the groundwater will flow in 

towards the monitoring well (Figure 4b }, where samples will be collected periodically 

and tested for each solute and reaction products. The tracer breakthrough curve is used 

to determine the losses due to diffusion, advection and dispersion. The breakthrough 

curves are a plot of C/C0 or relative concentration against the ratio of the volume 

extracted to the volume injected. C is the concentration measured during the extraction 

phase and Co is the initial concentration. Tests are designed for each metabolic 

transformation of interest. Solutes are prepared based on the microbial concentrations 

found in the groundwater during previous tests or through the microcosm analyses. 

Push-Pull Test Design 

A push-pull test was performed in MW 15, which is located North of the site at 

about 30.5 m from the Willamette River. It is also located upstream in the groundwater 

from where the spill occurred. The depth of the MW 15 is 8.6 m. The well is cased 

with polyvinyl chloride (PVC), with an inside diameter of 15.2 em. The screen casing 

thickness is 2.8 m. The top of the screen casing is located 0.8 m lower than the average 
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Figure 4a. Schematic diagram of a push-pull test injection phase. 
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Figure 4b. Schematic diagram of a push-pull test extraction phase. 
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groundwater elevation, which is 59.5 m. The groundwater elevation was 63.1 m on 

March 4th, 1999, the date of the test. The 3.8 m thick underlying aquifer is unconfined 

(see Figure 5 for well construction detail) (Evanite 1988). 

For the push-pull test, rubber bladders were placed 1 m apart at a depth of 6 m 

into the well. 100 L of groundwater were extracted and tested to ensure that a low 

dissolved oxygen (DO) was achieved. Two carboys, 50 Leach, were mixed with the 

solutions for the test; 200 mg/1 of formate, 0.45 mg/1 of TCFE and 100 mg/1 of bromide 

(tracer). The volume injected into the well was calculated to penetrate into the aquifer 

a distance of approximately 25 em, assuming a porosity, n, in the aquifer of 0.25. 

Samples were taken from the carboys at 20, 30, 40, 70, 80 and 90 L of injection. The 

injection was followed by a waiting period of 3 hours to allow the water level in the 

well to decrease to approximately the static water level, and to allow the test solution 

some time to react in the aquifer. During the extraction phase a peristaltic pump was 

used to maintain an extraction rate of 2 L per minute. Samples were taken with every 

liter extracted for the first 6 liters of extraction, and thereafter every 2 liters, until 100 L 

had been extracted, and finally after every 3 liters until 250 L were extracted. At the 

end of the extraction the DO was sampled and found to be between 0.3 and 0.4 ppm. 

All the samples were collected in 8-ml bottles and refrigerated to minimize 

volatilization. 

Samples were taken to detect levels of the production of acetate, DCFE and 1

2-chlorofluoroethene; and to detect the degradation of formate, and TCFE. 

Independent samples were taken for bromide analysis. 
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Figure 5. Monitoring well 15 construction detail (Evanite 1988). 
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The concentration of TCFE, and its potential dehalogenated products were 

measured by purge and trap analysis. Formate and acetate were measured using the 

same HPLC method used in the microcosms studies. Bromide was measured using a 

combination glass body bromide electrode and ion-specific meter. 

The concentrations of ferrous iron was not measured during the test, but 

research performed by Evanite show traces of rusted color mottling silty sand at MW 

15 (Evanite 1988). This was the only well with measurable concentrations of ferrous 

iron, with 5 mg/1, when measured at the site three years earlier. Results of the chemical 

analyses are shown in Appendix E. 
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RESULTS AND DISCUSSION 

Henry's Constant 

The concentration of TCFE and its breakdown products were measured in the 

gas phase of the groundwater microcosms. By determining the gas to water partition 

coefficient, the concentration of the specific compound in an aqueous phase could be 

determined. Temperature is critical when obtaining Henry's constants, as shown in 

studies by Gossett (1987) and Mackay and Shiu (1981), where in many cases a 5 °C 

temperature change can mean an increase in its Henry's constant by 30%. Measured 

values of Henry's constant at 20 oc obtained in this study are compared to values 

obtained from Gossett (1987) (Table 2). Small differences exist between the results 

obtained from Gossett and those measured in this study. These differences could be 

caused by: 1) small differences in temperature, 2) not allowing sufficient time for the 

solution to stabilize after the vigorous shaking, or, 3) differences in water composition. 

Table 2. Henry's coefficients (Cg/Cw) at 20°C, I= OM (ionic strength). 

Chemical Hcc Measured * Hcc by Gossett 1987 
TCE 0.366 0.295 
cis-DCE 0.142 0.123 
vc 0.978 0.912 
Ethylene 4.696 
TCFE 1.403 
cis-DCFE 0.877 
trans-DCFE 0.666 
1 ,2-cis chlorofluoroethene 0.867 
1 ,2-trans chlorofluoroethene 0.287 

* For R values see Appendix F. 
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Appendix F presents the results of successive air and water equilibrations used 

to calculate the Henry's Law constants for the different compounds. 

The Henry's Constant results represent how strongly a compound partitions 

between the gas and the liquid phase. For example 1.4 mg/1 of TCFE will partition to 

the gas phase while 1 mg/1 of TCFE will partition to the liquid phase in an environment 

that contains equal volume of gas and liquid space. Thus TCFE could be easily lost 

while being injected as a tracer if a gas phase is present. It is interesting to notice how 

two isomers can have very different Henry's coefficients. For example, cis and trans 

DCFE Henry's Coefficient differ by a factor of 1.3, while cis and trans 

chlorofluoroethylene differ by a factor of 3. 

Microcosm Bottles 

The first part of the experimentation focused on whether TCFE would undergo 

a reductive dehalogenation as a result of the microbial activity in the microcosm 

bottles. The concentrations were measured assuming that the formation of hydrogen 

from lactate and formate would be the same as the hydrogen added in the hydrogen 

amended microcosms. Equation 2 on Table 4 was assumed for the lactate amended 

microcosms and equation 6 on Table 4 was assumed for the formate amended 

microcosms. The concentrations added to each of the bottles are shown on Table 3. 



29 

Table 3. Initial concentrations of hydrogen, lactate and formate added to the microcosm 
bottles. 

Hydrogen (Hz) Lactate Formate 
mmolesll mmolesll mmoles/l 

0.5 1 1 

Table 4. Possible reactions and their Gibbs free energy of formation values at 25°C and 
pH7. 

Reaction LiG 0 (kJ)* 

1. 3 Lactate- --t 2 Propionate-+ Acetate-+ HC03- + W -164.82 d 

2. 2 Lactate-+ H20 --t Propionate-+ Acetate-+ HC03- + W +Hz -84.38 e 

3. Lactate-+ 2 HzO --t Acetate-+ HC03- + H+ +2Hz -3.94 c,e 

4. 4 Formate- + 4 W --t C~ + 3 COz + 2 HzO -144.81 a 

5. 4 Formate-+ HzO + W --t C~ + 3 HC03- -130.14 b,f,g 

6. Formate + HzO --t Hz+ HC03- 1.36 b,f 

7. 4Hz+ 2 COz --t Acetate-+ 2 HzO + W -94.78 a 

8. 4 Hz + COz --t C~ + 2 HzO -130.69 a,b 

9. 4Hz+ 2 HC03- + H+ --t Acetate-+ 4 HzO -104.56 a,c 

10. 4Hz+ HC03- + H+ --t C~ + 3 HzO -135.58 a,c,f,g 

11. Propionate-+ 3 HzO --t Acetate-+ HC03- + H+ +3Hz 76.5 a,e,f,g 

12. Propionate-+ 2 HC03- --t Acetate-+ 3 Formate-+ W 72.42 f,g 

-31.02 a,b,e,f,g13. Acetate- + HzO --t C~ + HC03
14. Acetate-+ H+ --t C~ + COz -35.91 h 

•Madigan et al., 1997 e Schollhom et al., 1997 

b Bae and McCarty, 1993 f Dong et al., 1994 

c Cord-Ruwisch et al., 1988 g Starns et al., 1992 

d Fennell and Gossett, 1998 h Zinder and Anguish, 1992 


*~G (kJ) based on the reaction stoichiometry as given: For example for 3 moles of 
lactate as given in equation 1. 

http:HC03-1.36
http:HC03--130.14
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The bottles were stored in a 20°C room for 90 days, and sampled every third 

day for the first 20 days and every third day thereafter. The duplicate microcosms 

provided similar trends for all the components analyzed (Hz, COz, C~, ethylene, cis

DCE, VC, cis-DCFE, trans-DCFE, TCFE, lactate, formate, acetate and propionate). 

Cis-DCFE was observed in all the bottles as the main dehalogenated compound of 

TCFE, with trans-DCFE as a minor product. No 1-1 DCFE was observed throughout 

the tests. All bottles produced traces of the three chlorofluoroethylene compounds, but 

below the measurable lower limit of the gas chromatograph. These are not shown on 

the graphs. 

These findings are consistent with Vancheeswaran et al. (1999) and Glod et al. 

(1997), who observed all three dichlorofluoroethylene products in their 

experimentation. In both cases, cis-DCFE was the major dehalogenated product and 

trans-DCFE was the secondary; and traces amounts of the chlorofluoroethenes were 

observed. 

The microcosm bottles headspace was composed of an initial gas mixture 

consisting of 8% hydrogen, 92% nitrogen, the gas mixture of the anaerobic glove box. 

When measured on the GC, the total mass of 5 x 10-4 moles of hydrogen was estimated 

to be in each bottle (not shown). From the reaction equation 7 in Table 4, the 

theoretical number of moles of acetate which can be produced is 1.2 x 10-4
, which 

agrees with the acetate concentration in each bottle after the hydrogen was utilized. 

Hydrogen was observed to be consumed in the bottles and acetate was formed as seen 

in Figures 6a, 6b, 7a, 7b, 8a, and 8b. The results indicated that homoacetogens were 

present that could transform Hz and COz to acetate. 
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Hydrogen production was much lower in the lactate-amended microcosms than 

in the formate microcosms (Figures 7a, 7b, Sa, and 8b). C02 was reduced in the bottles 

spiked with hydrogen and formate, but was produced in the lactate-amended 

microcosms. 

No methanogenesis was observed in any of the bottles throughout the tests. In 

studies by Keeling (1998), methanogenesis was observed after several months of 

incubation in microcosms from a site in Pt. Mugu CA. Methanogenesis optimally 

occurs when the pH is over 6.5 and below 8 (Corbitt, 1990). The results when 

measured with the pH ribbon indicated that the pH was constantly between 6 and 8. It 

is reasonable to believe that environmental conditions were favorable for 

methanogenesis in the microcosm bottles. This microbial reaction however was never 

observed. The results indicate that methanogens were not present in the groundwater 

samples. 

Anaerobic systems involve the interaction of several reactions within the 

microbial population. Different transformations throughout the experimentation are an 

indication that the microbial population was active during the different stages of the 

study. Table 4 shows the possible reactions occurring in the microcosm bottles during 

the different stages of incubation. Table 5 shows the half reactions for the 

dehalogenation of TCE and TCFE. 

Equations on Tables 3 and 4 were balanced assuming a pH of 7. If H+ is on the 

right side of the equation, the Gibbs free energy will go down by -5.69 kJ/mole for 

every unit of increase of pH, or will go up by 5.69 kJ/mole for every unit of decrease of 

pH. If H+ is located on the left side of the equation, the opposite will occur. 



32 

Table 5. Half reactions for chlorinated ethenes at 25°C and pH 7. 

Half reaction L1Go (kJ) * 

Trichloroethylene and dehalogenated compounds 

15. Y2 TCE + Y2 W + e- ---t Y2 cis-DCE + Y2 cr -40.73 a 

16. Y2 cis-DCE + Y2 H+ + e- ---t Y2 VC + Y2 cr -30.76 a 

17. Y2 VC + Y2 W + e- ---t Y2 ethylene+ Y2 cr -37.57 a 


Trichlorofluoroethene and dehalogenated compounds 


18. Y2 TCFE + Y2 W + e- ---t Y2 cis-DCFE + Y2 Cr 
19. Y2 cis-DCFE + Y2 W + e- ---t Y2 VCFE + Y2 cr 
20. Y2 VCFE + Y2 W + e- ---t Y2 FE+ Y2 cr 


Reaction through iron reduction 


20. 2 Fe2+ + RX + W ---t 2 Fe3+ + RH + x- Varies 

a Dean, 1998 

*~G (kJ) based on the reaction stoichiometry as given: For example for 1/2 moles of 
TCE as given in equation 15. 

Hydrogen Stimulation 

Results from a microcosm fed hydrogen are shown in Figure 6a. Results from 

the duplicate bottle are shown in Figure 6b. Results from the poisoned control are 

presented in Appendix C. These results show the consumption of approximately 6 x 

1o-4 moles of hydrogen and production of 1.5 x 1 o-4 moles of acetate, which agrees 

with reaction equations 7 and 9 from Table 4. It took ten days for the first hydrogen 

spike to be converted completely to acetate, while with every new hydrogen addition it 

took longer than the time before to be converted to acetate. After the third hydrogen 

addition on day 100, a very slow reduction of hydrogen was observed as opposed to the 
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first two additions. It is possible that there was a constant fermentation process 

occurring from hydrogen to formate and back to hydrogen. 

If the first seven days of results after the first spike with hydrogen gas are 

studied in detail, the hydrogen mole count is reduced by 1 x 10-4 then increased 

slightly. Formate is produced in the same amount, 1 x 104 moles, and quickly 

transformed to hydrogen and acetate. This transformation agrees with the equation 

reaction 6 from Table 4. 

The mass of COz was reduced in the bottles during the period of hydrogen 

consumption, and stopped after hydrogen was completely consumed. Equation 

reaction 7 from Table 4, shows that the consumption of C02 was required for the 

transformation of hydrogen to acetate, which is the reason it was consumed during the 

acetogenic transformation. No methanogenesis was established throughout the test. 

Hydrogen utilization was essential for the production of acetate within the first 

ten days of experiments; displaying a similar stoichiometric balance as those proposed 

by Madigan et al. (1997) and by Cord-Ruwisch et al. (1988) on equations 7 and 9. 

During the first five days, no dehalogenation of TCFE occurred. Between days six and 

ten, a rapid transformation of TCFE to cis-DCFE and trans-DCFE was observed, with 

cis-DCFE being the major transformation product. No transformation of TCFE, cis 

DCFE, trans-DCFE or acetate production was observed after day ten. This 

corresponds to the period after hydrogen and formate were completely consumed. 

Hydrogen was spiked into the microcosm bottles for a second time on day thirty-seven. 

Acetate was again produced as hydrogen was consumed. Dehalogenation of TCFE to 

cis-DCFE and trans-DCFE was observed within three days after hydrogen addition. 
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Figure 6a. TCE, cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, hydrogen, 
COz, methane, lactate, formate, acetate and propionate response, for microcosms 
spiked with hydrogen. 
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Figure 6b. Duplicate. TCE, cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, 
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All the dehalogenation processes stopped after hydrogen was consumed. Traces of the 

fluorochloroethylene compounds were observed after the second hydrogen spike, with 

a maximum mole count of 6 x 10·7 moles (not shown). 

No transformation of cis-DCE to VC was observed during the first 100 days of 

the incubation. TCE was added to the hydrogen amended bottles on day 100. TCE 

was observed to dehalogenate to cis-DCE very quickly fifty days after hydrogen was 

spiked into the bottles for the third time. This occurred immediately after the addition 

of 2 ml of groundwater amended with lactate on day 156, which were introduced into 

each bottle after noticing a decrease in its reaction time. This addition was also used to 

bioaugment microbes from the site into the microcosms. Hence the formation of 

propionate in each bottle. An interesting observation is that cis-DCE was transformed 

to VC upon TCE addition, however when cis-DCE was initially present its 

transformation to VC was not observed. In the duplicate microcosms (Figure 6b ), TCE 

was seen transformed to cis-DCE at a much faster pace than TCFE to cis-DCFE. 

These results agree with those obtained by Vancheeswaran et al. (1999). These results 

show that reductive dechlorination of TCFE to cis and trans DCFE did not occur 

without the supply of hydrogen as the electron donor. After the transformation had 

ceased in the microcosm bottles, it is possible that acetate supplied electrons at a very 

slow rate for dechlorination. H2 however was able to provide electrons for rapid 

dechlorination. 

Studies by Ballapragada et al. (1997), and DiStefano et al. (1992) show a rapid 

dechlorination of TCE to VC with hydrogen as an electron donor. The cultures 

enriched by Freedman and Gossett (1989) with methanol later showed dechlorination 
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using only H2 as the electron donor (DiStefano et al., 1992). H2 was also the only 

electron donor present that supported dechlorination in a methanogenic culture 

enriched with PCB and lactate (de Bruin et al., 1992). 

Lactate Stimulation 

Shown in Figure 7a, are microcosm results with lactate addition. Results from 

the duplicate bottle are shown in Figure 7b. Results from the poisoned control are 

presented in Appendix C. The results show the consumption of approximately 1 x 10-3 

moles of lactate and the production of 1.2 x 10-3 moles of acetate and 0.2 x 10-3 moles 

of propionate. These results are not specific for only one equation, but possibly result 

from a combination of reactions 1, 2 and 3 from Table 4. It is difficult to determine 

which reaction was occurring based on the stoichiometries of the possible reactions and 

errors in the analysis. After the second lactate spike, 0.4 x 10-3 moles of acetate and 

0.7 x 10-3 moles of propionate were produced, which was a third less for acetate and 3 

times more for priopionate than the first addition. After the third addition, only 0.2 x 

10-3 moles of acetate and 0.7 x 10-3 of propionate were produced. Propionate 

production remained the same while acetate production was reduced in half. In both 

duplicate bottles, the tendency was the same. The production ratio of acetate decreased 

while for propionate it increased. 

An increase in C02 was observed during the course of the incubation, at about 

25% with every addition of lactate. The increase in C02 was due to the production of 
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Figure 7a. TCE, cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, hydrogen, 
C02, methane, lactate, formate, acetate and propionate response, for microcosms 
spiked with lactate. 
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hydrogen, C02, methane, lactate, formate, acetate and propionate response, for 
microcosms spiked with lactate. 
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bicarbonate (HC03-) during the fermentation reactions given in equations 1, 2 and 3 

from Table 4. 

No methanogenesis was detected throughout the microcosm incubation. 

Hydrogen also remained constant during the course of the study. 

Dehalogenation of TCFE to cis-DCFE and trans-DCFE occurred on day 6, 

corresponding to the acetogenic transformation of lactate to acetate and propionate. 

TCFE was completely transformed to cis-DCFE after day 19. TCFE and lactate were 

spiked a second time on days 37 and 39 respectively. Rapid transformation occurred 

with the lactate addition. Traces of the fluorochloroethylene compounds were 

observed after the second hydrogen spike, with a maximum mole count of 6 x 10-7 

moles (data not shown). In one of the lactate amended microcosm bottles a peak likely 

corresponding to fluoroethylene was observed. Because of the lack of flouroethylene 

standard, the concentration was unable to be established. 

During the first 100 days, no changes were observed to the concentrations of 

cis-DCE, VC and ethylene in the microcosm bottles. TCE was injected into the lactate 

amended microcosms on day 100. Following similar trends as TCFE, TCE 

transformation to cis-DCE coincided with lactate fermentation to acetate and 

propionate. The transformation of TCE to cis-DCE suggests that this reaction is 

correlated to the fermentation of lactate to acetate and propionate. 

Formate Stimulation 

Results from a microcosm fed formate are shown in Figure Sa. Results from 

the duplicate bottle are shown in Figure 8b. Results from the poisoned control are 
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presented in Appendix C. Acetate was formed immediately after formate was added to 

the microcosms, and was complete by day five. The results show a consumption of 

approximately 1 x 10-3 moles of formate and a production of 2 x 10-4 moles of acetate. 

If the equation reaction 6 and 7 are added together (for calculations see Calculation F2 

in Appendix G), the reaction will agree with the results shown on Figures Sa and 8b. 

It took almost three times as long for the formate to be transformed to acetate in 

the second spike, and the rate was greatly reduced with the third addition. This is in 

contrast to lactate addition, which showed no decrease in transformation rate. The 

reason for the slowing in rate is not known. 

More hydrogen was observed with the second addition of formate. The largest 

concentration of hydrogen was produced by the microcosms amended with formate. A 

similar stoichiometric reaction is given in equation reaction 6 from Table 4, as 

presented by Bae and McCarty (1993) and by Dong et al. (1994). It is interesting to 

note that hydrogen accumulation was associated with rates of formate utilization and 

acetate production. Acetate production ceased for example during the period when 

formate was reacting slowly and hydrogen was accumulating in the system. 

The mass of C02 was reduced in the microcosms after formate was injected 

into the bottles, transformed into hydrogen, and stopped after formate and hydrogen 

were completely consumed. Equation reaction 7 from Table 4, shows that the 

consumption of C02 was required for the transformation of hydrogen to acetate, which 

is the reason it was consumed during the acetogenic transformation. No methane 

production occurred during the tests. 
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Figure Sa. TCE, cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, hydrogen, 
C02, methane, lactate, formate, acetate and propionate response, for microcosms 
spiked with formate. 
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hydrogen, C02, methane, lactate, formate, acetate and propionate response, for 
microcosms spiked with formate. 
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TCFE dehalogenation occurred between days ten and day eighteen, cis-DCFE 

and trans-DCFE were observed starting on day eleven. Dehalogenation stopped on day 

seventeen, and continued only after formate was added a second time on day thirty 

eight. 

The second addition resulted in both acetogenesis and dehalogenation. 

Dehalogenation stopped in the microcosms with the DCFE isomers after formate was 

completely consumed by the microbial population. 

More hydrogen was observed with the second addition of formate. The rapid 

transformation of formate to hydrogen may have provided the electron donor needed 

by the dehalogenation reaction to transform TCFE to cis and trans-DCFE. Traces of 

the fluorochloroethylene compounds were observed after the third formate spike, with 

a maximum mole count of 6 x 10-7 moles. Data not shown. 

No dehalogenic transformation of cis-DCE to VC were observed throughout the 

first 100 days of the incubation. TCE was added to the formate amended bottles on 

day 100. Following similar trends as TCFE, TCE was only transformed to cis-DCE 

after formate had been transformed to acetate. 

On Figure 8b, transformation of TCE to cis-DCE occurred at a faster rate than 

TCFE to cis-DCFE. This occurred immediately after the addition of 2 ml of 

groundwater amended with lactate on day 156, which were introduced into each bottle 

after noticing a decrease in its reaction time. Microorganisms were also added to the 

groundwater to bioaugment the micocosms. Propionate was formed in each bottle after 

this. Appears like TCFE transformation occurs only after TCE concentration is 

reduced. It is possible that the transformation of TCE induced TCFE transformation. 
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Push-Pull Tests 

The goal of the push-pull test was to stimulate indigenous microorganisms and 

to evaluate their ability to transform the TCFE to its main dehalogenated products, 

while using formate as its carbon source. Formate was chosen between the three 

energy sources used in the microcosm bottles (hydrogen, lactate and formate), because 

it established the quickest transformation to acetate on its first addition. Tests were 

conducted by injecting a solution of TCFE, formate and bromide (tracer) into the 

groundwater, and by measuring the concentration of the solution and products during 

the extraction phase of the test. 

Because of the possible losses due to advection, sorption and diffusion, and 

knowing that during the extraction phase that about three times the amount of injected 

solution was going to be extracted, the formate concentration used for the test was 4.4 

x 10-3 moles/1, which is about four times the concentration used in the microcosm tests. 

Ideally, four times the concentration of the TCFE injected into the microcosms, 

would have been used for the push-pull test. However, due to problems during the 

shipment of the TCFE by the manufacturer, there was only a limited amount of TCFE 

available for the test. The concentration of TCFE was 40 times lower that the 

concentration used in the microcosm bottles. A total of 30 J..tl of TCFE was added to 

100 liters of groundwater that was injected in the test. 

The bromide concentration employed, 100 mg/1, was calculated to be 100 times 

the lowest possible reading on the IC analysis. 

100 L of groundwater were extracted into two carboys, 50 Leach, and mixed 

with the solutions of formate, TCFE and bromide. The injection was followed by a 
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waiting period of 3 hours to allow the water level in the well to decrease to 

approximately the static water level, and to allow the test solution some time to react in 

the aquifer. During the extraction phase the water was pumped out at a constant rate of 

2 L per minute until 250 L were extracted. 

No transformation of formate to acetate occurred while the test solution resided 

in the aquifer. One possible explanation is that the solution was probably not in the 

aquifer long enough to produce a reaction. The breakthrough curves for the formate 

and the bromide followed very similar trends (Figure 9). 66.1 percent of the bromide 

and 63.4 percent of the formate were recovered, indicating that there was very little 

impact from sorption, from the groundwater during the push-pull test. The recovery 

was not close to 100% due to packer movement during the test, and possibly due to 

groundwater movement which could have contributed to losses due to advection and 

diffusion. The ideal breakthrough curve under the conditions in this test would have 

had an initial C/C0 of 1. The recovery percentages are indicated in Table 6. 

Table 6. Total injected and recovered of TCFE, cis-DCFE, formate and bromide in 
push pull test. 

Total Injected Total Extracted % 
mg_ Moles mg_ moles Recovered 

TCFE 46.3 3.10·10-4 26.5 1.77·10-4 57.2 
cis-DCFE 3.13 2.73-10-5 6.7 
Formate 20000 0.44 11101 0.28 63.4 
Bromide 9308 0.12 6155 0.08 66.1 
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Figure 9. Comparison between the formate and the bromide breakthrough curves. 
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The breakthrough curve for TCFE was almost identical to that of bromide; the 

difference between the bromide and TCFE breakthrough curves could represent the 

dehalogenation to cis-DCFE and/or the partitioning of the solution into the gas phase 

while in the carboy, before it was added to the groundwater (Figure 10). The results 

show that the partitioning into the solids of the aquifer was minimal. 

57.2 percent ofTCFE was recovered during the push-pull test and 6.7 percent 

of cis-DCFE was recovered, for a total of 63.9 percent for TCFE and cis-DCFE. 

Compared to the 66.1 percent of bromide recovered, sorption of TCFE appears to be 

minimal at the site. The cis-DCFE response indicates that not much was produced in

situ, possibly because the concentration of TCFE was so low that it was inhibited by 

the existing concentration of TCE in the aquifer. 

The results for TCE was transformed upon being injected to the aquifer. These 

results show that TCE was reduced and transformed to cis-DCE, and cis-DCE was 

reduced to VC during the course of the test (Figure 11 ). 

These results show that the push pull test can detect short-term changes in the 

concentration of compounds associated with the indigenous microbial activity. 

When the groundwater was extracted into the carboys to add the substrates for 

the push-pull test, the groundwater came in contact with the air, producing a more 

aggressive corrosion and the precipitation of ferric hydroxides. Iron could have been 

the major contributor to the dehalogenation of TCE and TCFE, acting as the reducing 

agent during the reaction. 

Three hours was chosen as the reaction time in the well during the push-pull 

test based on extrapolation from the reaction time in the microcosm bottles which was 
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Figure 11. Reduction of TCE to VC during the extraction phase of the push-pull test. 

observed to occur in a couple of days. We would predict that the reaction time in the 

well would be faster than in the microcosm bottles because the microcosms are 

fabricated with groundwater while the aquifer contains groundwater and microbes 

sorbed in the aquifer solids. 

The results from Figures 6b, 7b and 8b, represent the microcosm bottles which 

were spiked by both TCE and TCFE. The results show a faster reaction of TCE to cis-

DCE than from TCFE to cis-DCFE. Similar results were shown in the push-pull test 

results. The transformation of TCE to cis-DCD and VC occurred during the whole test 

while little transformation was observed from TCFE to cis-DCFE. These results could 

be due to competitive inhibition of TCE and cis-DCE over TCFE transformation, when 

the concentrations of TCE and its products are higher. 
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CONCLUSIONS 

This study was performed to investigate the activities of microbial communities 

towards the anaerobic transformation of TCFE, and TCE in presence of different 

electron donors. Tests were performed in laboratory microcosm bottles and in the field 

using a push-pull test. The following conclusions can be made from the results of 

these tests: 

• 	 All three energy sources added to the microcosms bottles (hydrogen, lactate, and 

formate) helped to transform TCE and TCFE to its less-chlorinated compounds. Of 

the three substrates tested, lactate performed the best, promoting dehalogenation 

after every lactate addition. 

• 	 In both the laboratory microcosm bottles and the field push-pull test, a faster 

reaction of TCE to cis-DCE was observed, over TCFE to cis-DCFE. These results 

agree with those obtained by Vancheeswaran et al. (1999). 

• 	 The formate added to the groundwater well during the push-pull test was not used 

by the microbes as the carbon and energy source. It is possible that another 

electron donor was present in the aquifer that lead TCE to transform to cis-DCE 

and furthermore to VC and TCFE to cis-DCFE under reductive dechlorination 

conditions. 

• 	 Formate was transformed to acetate in the laboratory microcosm bottles, but no 

acetate was formed during the push-pull test indicating that the formate was not 

utilized by the indigenous microbes as a carbon and energy source. 
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• 	 TCFE was transformed to cis-DCFE and to chlorofluoroethylene in all the 

microcosm bottles. Only in the bottle, amended with lactate, was fluoroethylene 

observed. 

The possibility of treating hazardous or other contaminated sites by injecting 

electron donors to stimulate in-situ bioremediation could be a cost-effective treatment 

that needs further investigation. Since every site is different due to its geological, 

biological and chemical environment, an initial laboratory effort should be performed. 

This is just one of the many studies that could trigger a full-scale application of this 

technology at contaminated groundwater sites. 

For future push-pull tests at the Evanite site, lactate should be used as electron 

donor and higher concentrations of TCFE should be added. The solution injected 

should be allowed to react inside the aquifer for a longer period of time. 
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Appendix A Groundwater Contours 

The Figures in Appendix A represent the groundwater contours for the month 

of September between 1986 and 1998 (CH2M Hill1986-1999). 

As the pumping started taking place, the groundwater contours changed, from a 

steady slope towards the Willamette River, to concentrating the highest groundwater 

elevations at the extraction wells of the site. 
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Appendix B TCE Concentration Contours 

Figures in Appendix B, represent the TCE concentration contours throughout 

the site, for the month of September between 1986 and 1998 (CH2M Hill1986-1999). 
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Appendix C Control bottles 

Figures C 1, C2 and C3 represent the control bottles for the microcosms 

amended with hydrogen, lactate and formate respectively. 
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Figure Cl. Control bottle. Cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, 
hydrogen, COz, methane, lactate, formate, acetate and propionate response, for 
microcosms spiked with hydrogen. 
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Figure C2. Control bottle. Cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, 
hydrogen, C02, methane, lactate, formate, acetate and propionate response, for 
microcosms spiked with lactate. 
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Figure C3. Control bottle. Cis-DCD, VC, ethylene, TCFE, cis-DCFE, trans-DCFE, 
hydrogen, C02, methane, lactate, formate, acetate and propionate response, for 
microcosms spiked with formate. 
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Appendix D Chromatograph Samples 

Figures in Appendix D are samples of the gas and liquid chromatographs for 

the PID/FID (Figure Dl), TCD (Figure D2), HPLC (Figure D3), and Purge and Trap 

with ELCD (Figure D4). 
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Figure Dl. PID/FID GC chromatograph analysis results for the chlorinated ethenes. 

Traces of the three fluorochloroethylenes, (1-1, cis, and trans) were observed at 

5.0 min, 5.6 min, and 6.3 min. Fluoroethylene is observed at 2.7 min. 
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Figure D3. HPLC chromatograph analysis results for lactate, formate, acetate and 
propionate. 
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Figure D4. ELCD GC chromatograph and Purge and Trap analysis results for the 
chlorinated ethenes. 
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Appendix E Well Measurements 

Measurements of nitrate, iron, sulfate, dissolved oxygen, and methane, during 

March 1996, and March 1998 from monitoring wells at the Evanite site. 

Table E1. Chemistry of monitoring well samples taken in March 1996. 

Well Nitrate Iron Sulfate DO Methane 
mg/1 Mg/1 mg/1 mg/1 pg/1 

MW1 0.2 0 20.3 >1 1.4 
MW2 0 0 12.4 0.1 5.52/6.04 
MW3 0.2 0 28.4 0.3 1.2 
MW4 0.1 0 27.9 >1 6.5 
MW6 0 0 2.2 0.1 2.4 
MW7 0 0 2.3 >1 4.2 
MW8 0.1 0 26.5 >1 0.9 
MW9 0 0 19.4 >1 1.1 

MW10 0 0 12.7 >1 1.4 
MWll 0 0 8.7 0.2 5.8 
MW12 0.2 0 30.1 0.9 1 
MW14 0.1 0 27 0.4 0.9 
MW15 0 5 4.7 0.1 13.9 
MW16 0 0 27.3 0.4 0.8 
MW18 0 0 22 0.3 1 

http:5.52/6.04
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Table E2. Chemistry of monitoring well samples taken in March 1998 

Nitrate Sulfate DO Methane
Well mg/1 mg/1 mg/1 Jlg/1 

MW2 0-0.05 1.17 0-0.05 4.15 
MW3 0-0.05 12.03 0.3 0.31 
MW4 0.05 12.43 14.9 ** 0.20 
MW6 0-0.05 0.37 0.2 7.54 
MW7 0-0.05 0.57 1 1.42 
MW8 0-0.05 24.60 >1 0.10 
MW10 0-0.05 0.10 0.8- 1.0 0.75 
MWll 0-0.05 0.10 >1 3.94 
MW12 0.05- 0.1 11.90 1 0.12 
MW14 0-0.05 11.33 0.8 0.28 
MW15 0-0.05 71.93 * 0.05 3.76 
MW16 0-0.05 10.47 0.1 0.21 
MW18 0 2.53 0.4 0.31 
R665 0-0.05 15.20 0-0.05 0.17 

* Out of range from standards. Large concentration of suspended solids. 
** Ampoule didn't fill up totally with water. 
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Appendix F Henry's Constants 

Tables Fl to F9 represent the data from the GC, and Figures Fl to F9 represent 

the log of the concentration (or area) versus the number of successive equilibrations or 

measurements to obtain the Henry's constant for TCE, cis-DCE, VC, ethylene, TCFE, 

cis-DCFE, trans-DCFE, cis-VCFE and trans-DCFE. 

The volumes of liquid and gas used to obtain the Henry's constant for TCE and 

VC were: liquid volume 60 ml and gas volume 40 ml. 

For all the other compounds, the liquid and gas volumes were as follows: liquid 

volume 60 ml and gas volume 20 ml. 

A summary of all the Henry's constants for the different chemicals is displayed 

in Table 2. 

Hcc is the dimensionless Henry's Coefficient as Cg!Cw. 
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Table Fl. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for TCE. 

Equilibration Number TCE log TCE 
1 2010 3.30 
2 1629 3.21 
3 1318 3.12 
4 1042 3.02 

3.35 

3.30 
y = -0.0948x + 3.4002 

23.25 	 R =0.9993 

u ~ 3.20 
E-< 

.9
OJ} 
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3.10 

3.05 

3.00 

0 	 1 2 3 4 5 
Equilibration Number 

Hcc = 0.366 at 20°C 

Figure Fl. Plotted results of air-water equilibrations to calculate Henry's constant for 
TCE. 
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Table F2. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for cis-DCE. 

Equilibration Number cis-DCE log cis-DCE 
1 133.962 2.13 
2 126.147 2.10 
3 119.826 2.08 
4 114.901 2.06 
5 110.549 2.04 
6 105.838 2.02 

2.14 ~--------------------------, 

2.12 • 
y= -0.0201x+ 2.1427 

2
R = 0.9931 2.10 

I.I.I 
u8 2.08 
"-' 

T) 
on 2.06 
0-


2.04 

2.02 

2.00 +----.------.----,---.----..-----.-----1 

0 1 2 3 4 5 6 7 
Equilibration Number 

lice= 0.142 at 20°C 

Figure F2. Plotted results of air-water equilibrations to calculate Henry's constant for 
cis-DCE. 
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Table F3. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for VC. 

Equilibration Number vc log VC 
1 4.266 0.63 
2 2.513 0.40 
3 1.463 0.17 
4 0.959 -0.02 

0.70 

0.60 y =-0.218x + 0.8392 
20.50 R =0.9971 

0.40 u 
>on 0.30 
.9 

0.20 

0.10 

0.00 

-0.10 

0 1 2 3 4 5 
Equilibration Number 

lice = 0.978 at 20°C 

Figure F3. Plotted results of air-water equilibrations to calculate Henry's constant for 
vc. 
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Table F4. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for ethylene. 

Equilibration Number 
1 
2 
3 
4 

2.00 

1.50 

;:: 
~ 
::>. 
£ 
Q) 

01) 

..Q 

1.00 

0.50 

0.00 

-0.50 

0 1 


Ethylene 
65.786 
15.615 
3.912 
0.923 

2 


log ethylene 
1.82 
1.19 
0.59 
-0.03 

y =-0.6160x + 2.4323 


R
2 =0.9999 


3 4 5 

Equilibration Number 

Hcc =4.70 at 20°C 

Figure F4. Plotted results of air-water equilibrations to calculate Henry's constant for 
ethylene. 
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Table F5. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for TCFE. 

Equilibration Number TCFE log TCFE 
1 266.959 2.43 
2 174.976 2.24 
3 117.815 2.07 
4 83.119 1.92 
5 57.651 1.76 
6 44.309 1.65 
7 23.571 1.37 

2.60 

2.40 y = -0.1666x + 2.5865 

2.20 R
2 = 0.992 

~ 2.00u 
E--
OJ) 1.800-


1.60 

1.40 • 
1.20 
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Equilibration Number 

Hcc =1.40 at 20°C 

Figure F5. Plotted results of air-water equilibrations to calculate Henry's constant for 
TCFE. 
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Table F6. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for cis-DCFE. 

Equilibration Number 
1 
2 
3 
4 
5 
6 
7 
8 
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Figure F6. Plotted results of air-water equilibrations to calculate Henry's constant for 
cis-DCFE. 
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Table F7. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for trans-DCFE. 

Equilibration Number trans-DCFE log trans-DCFE 
1 1330 3.12 
2 1127 3.05 
3 930.402 2.97 
4 763.381 2.88 
5 628.956 2.80 
6 518.217 2.71 
7 419.02 2.62 
8 332.933 2.52 
9 269.03 2.43 

3.20 .,..---------------------------. 

3.10 y =-0.0871x + 3.226 

R
23.00 =0.9985

ti: u 2.90 
8 
00 2.80 
~ 
00 2.70 
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Figure F7. Plotted results of air-water equilibrations to calculate Henry's constant for 
trans-DCFE. 
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Table F8. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for cis-1-2-chlorofluoroethylene. 

Equilibration Number cis-1-2 log cis-1-2
chlorojluoroethylene chloro.fluoroethylene 

1 119.553 2.08 
2 97.21 1.99 
3 73.427 1.87 
4 59.373 1.77 
5 45.638 1.66 
7 25.626 1.41 
8 21.065 1.32 

2.20 
~ 
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y = -0.1103x + 2.2009~ 2.00 
Q) 2 
1-; R = 0.9980 1.90 
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Figure F8. Plotted results of air-water equilibrations to calculate Henry's constant for 
cis-1-2-chlorofluoroethylene. 
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Table F9. GC results of successive air-water equilibrations used to calculate Henry's 
law constant for trans-1-2-chlorofluoroethylene. 

Equilibration Number 

1 
2 
3 
4 
5 
7 
8 

8 
3.15 

Q) 

~ 
£ 

3.10 
Q) 
0 
1-< 

§ 
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!:+=: 
0 
1-< 
0:a 
u 
I 

3.00 

2.95 
C'l 

I-I 
en 
§ 

2.90 

J:i 2.85 
01,) 
0- 2.80 

0 2 


trans-1-2
chlorofluoroethylene 

1201 
1150 
1016 

937.24 
850.453 
702.747 
649.051 

4 6 

log trans-1-2
chlorofluoroethylene 

3.08 
3.06 
3.01 
2.97 
2.93 
2.85 
2.81 

y = -0.0397x + 3.1283 
2

R =0.996 

8 10 

Equilibration Number 

Hcc = 0.287 at 20°C 

Figure F9. Plotted results of air-water equilibrations to calculate Henry's constant for 
trans-1-2-chlorofluoroethylene. 
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Appendix G Calculations 

Calculation 1 Derivation of the McAuliffe equation. 

Using a 100 ml syringe, containing a known aqueous solution and head space is 

vigorously shaken, and brought to equilibrium. After the gas phase is measured with 

GC analysis, the gas is expelled by advancing the plunger, and then an equal volume of 

gas is added to the syringe. The fraction of the chemical with the unknown Henry's 

Constant remaining each time in the water phase is 

CwVw
Fraction in water= ----- (G-1)

CgVg + CwVw 

where Cg is the concentration in the gas phase, Vg is the volume of gas, Cw is the 

concentration in the water, and Vw is the volume of water. Knowing that Hcc = C/Cw, 

then the equation can be expressed by 

Vw
Fraction in water= --- (G-2)

HccVg +Vw 

consequently, after the nth equilibration, the concentration is given by 

C - H ( Vw )n C (G-3)g,n - cc HccVg +Vw w,O 

and by taking the logarithm of each side 

log Cg,n = n log( Vw )+log (Cw,O Hcc) (G-4)
HccVg +Vw 

By plotting the log of the concentration measured through GC analysis, against the 

number of successive equilibrations, the slope of the graph would be 

slope= log( Vw ) (G-5)
HccVg +Vw 
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Because the volume of gas and the volume of liquid are known, the Henry's 

constant can be deduced from equation G-5 (Schwarzenbach et al., 1993). 

Calculation 2 Formate transformation to Hydrogen 

Multiplying equation 6 times 4 and adding it to equation 7, results, 

Equation 6 x 4 4 (Formate- + H20 ~ H2 + HC03 -) 

Equation 7 4 H2 + 2 C02 ~ Acetate- + 2 H20 + W 

4 Formate-+ 2 H20 + 2 C02~Acetate-+ 4 HC03- + W 

which agrees with some of the transformations taking place on the formate amended 

microcosms. 




