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Batch microcosm studies were carried out to screen for microorganisms from the

subsurface of Hanford DOE site that could cometabolically transform chloroform (CF)

under aerobic conditions. The potential need for CF bioremediation at the Hanford site

has resulted from the large release of carbon tetrachloride (CT) to the subsurface, of

which a fraction anaerobically transformed to CF. Potential cometabolic substrates were

screened for their ability to promote aerobic cometabolism of CF. The potential

cometabolic substrates tested were isoprene, propene, octane, ammonia, methane,

propane, and butane. Microcosms were constructed with 125 ml batch serum bottles

filled with 25 g of aquifer solids, 50 ml of synthetic groundwater, and 60 ml of headspace

air. Consumption of methane, butane, propane, and propene was slow, while the

consumption of ammonia was very slow. Microorganisms stimulated on propene and

octane showed no ability to transform CF. Limited CF was transformed in microcosms

stimulated on ammonia and methane. Over 90 °,/0 transformation of CF was observed in

microcosms stimulated on either butane or propane during the initial incubation.
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Successive addition studies with methane, propane, and butane microcosms were 

conducted, because these substrates showed the most potential for driving CF 

cometabolism. The studies indicated that the most effective CF transformation was 

achieved by butane-utilizers. CF transformation was correlated with the consumption of 

the primary substrate. Propane- and butane-utilizers grown in the absence of CF showed 

transformation yields 3 times greater than those grown in the presence of CF. In butane 

fed microcosms, CF transformation was linked with butane and oxygen consumption, 

indicating that an oxygenase enzyme of the butane-utilizers was likely responsible for CF 

transformation. The butane-utilizers showed no ability to transform CT, which also 

suggests the possibility of CF transformation by an oxygenase enzyme. In butane 

microcosms, complete transformation of 55 pg of CF (1200 tg/L of CF in aqueous 

solution) was observed. The maximum transformation yield of 0.03 g CF transformed/ g 

substrates consumed was achieved by the butane-utilizers. A stoichiometric amount of 

chloride was released to solution from CF during CF transformation, indicating that 

complete dehalogenation of CF was achieved by butane-utilizers. In our knowledge, 

these were the first observations, demonstrating butane as a cometabolic substrate for CF 

transformation. 
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Aerobic Cometabolism of Chloroform by Butane and Propane Grown
 
Microorganisms from the Hanford Subsurface 

1. Introduction 

Chloroform (CF) is a volatile chlorinated organic compound, and is a common 

groundwater contaminant. CF is a known carcinogenic compound with a Maximum 

Contaminant Level (MCL) of 100 lig/L in drinking water. The average CF concentration 

in chlorinated tap water in the United States is 83 p,g/L (Ames et al., 1987). CF has been 

used for plastics, fumigants, insecticides, refrigerants, and propellants (Fetter, 1993). CF 

contamination in the subsurface has resulted from leaking storage tanks, improper 

disposal, and land fill leachates. In groundwater, CF is produced as a by-product through 

cometabolic transformation of carbon tetrachloride (CT) under anaerobic conditions 

(Bouwer and McCarty, 1983). 

At the Hanford DOE site in Washington State where it was used in the 

manufacturing of plutonium, a large amount of CT has contaminated the subsurface. CT 

migrated from disposal facilities to groundwater about 240 feet below the land surface. 

Although the source of CF is not clear, a sizable CF plume also exists with concentration 

levels exceeding the 100 !AWL MCL (Last et al., 1991). This CF plume is likely 

associated with CT contamination as an anaerobic transformation product. Semprini et 

al. (1992) reported that CF was an intermediate product and represented 30 % of the CT 

transformed under anaerobic conditions. 

The Arid Site Demonstration Program is a project sponsored by the U.S. 

Department of Energy (DOE) to consider the possibility of using in-situ bioremediation 
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for cleaning-up the CT contamination at Hanford. Biotransformation of CT under 

anaerobic conditions may not result in complete mineralization. In biotransformation 

studies, 14 and 54 % of the CT transformed was converted to CF, however there was no 

evidence for CF transformation (Niemet, 1995). These results suggest that CF would 

accumulate during CT transformation. 

Aerobic cometabolism appears to have greater potential for the bioremediation of 

CF (Alvarez-Cohen and McCarty, 1991 b). CF can be completely mineralized to carbon 

dioxide through aerobic cometabolism (Spitel et al., 1992; Oldenhuis et al., 1989; Strand 

and Shippert, 1986). Therefore, complete and effective mineralization of CT may be 

accomplished through the use of a combined anaerobic/aerobic system. 

This study focused on screening for different cometabolic substrates that might 

have potential for CF transformation under aerobic conditions. Potential cometabolic 

substrates tested were methane, propane, butane, octane, isoprene, ammonia, and 

propene. The reason for choosing these growth substrates was that these substrates were 

previously recognized as growth substrates for transforming CAHs through cometabolism 

( McCarty and Semprini, 1993). After an initial screening, the most effective cometabolic 

substrates for CF cometabolism were studied in more detail. 
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1.1 Objectives of this study 

The main objective of this study was to evaluate the potential for CF 

bioremediation in the Hanford subsurface under aerobic conditions. The detailed 

objectives of this study were: 

1.	 to grow microorganisms from Hanford subsurface using alternative growth substrates. 

2.	 to find effective cometabolic growth substrates for CF transformation. 

3.	 to perform more detailed studies for the effective growth substrates in order to 

evaluate capacity of transforming CF. 

4.	 to evaluate characteristics of butane-utilizers. 

5.	 to evaluate whether CF was completely dehalogenated by butane-utilizers. 

A batch microcosm method was used to screen for aerobic cometabolism of CF 

with microbes stimulated from Hanford subsurface materials. This microcosm method 

was easy to operate, and permitted the testing of a range of cometabolic substrates. Long 

term studies could be performed by the successive addition of CF and growth substrates to 

the microcosms. Different oxygenase systems were tested using alternative cometabolic 

growth substrates including isoprene, propene, octane, ammonia, methane, propane, and 

butane in order to find the most effective cometabolic growth substrate for CF 

transformation. During initial incubation the most effective CF transformation was 

observed in microcosms stimulated on either butane or propane. 

In order to evaluate continuous consumption of CF and growth substrates without 

new cell supply, a more detailed study was performed. Successive addition microcosm 
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studies were preferred with methane, propane, and butane, since they showed the most 

promise for CF transformation. The extended experiments tested the effectiveness of the 

cometabolic transformations with: 1) increasing CF concentrations; 2) CF transformation 

after a period of growth in the absence of CF; and 3) tested for a correlation between 

propane or butane uptake and CF transformation. 

The respiking study indicated that butane was the most effective cometabolic 

substrate for driving CF transformation. Therefore, a detailed study was carried out on 

butane. This study with butane-utilizers tested: 

1.	 CF transformation in the presence or absence of butane to determine a correlation 

between butane uptake and CF transformation. 

2.	 The effect of oxygen depletion on butane consumption and CF transformation. 

3.	 Evaluation of CT transformation to help determine if an oxygenase enzyme was 

responsible for CF transformation. 

4.	 Chloride release from CF to evaluate the extent of CF dehalogenation. 
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2. Literature review 

Chloroform (CF), a chlorinated aliphatic hydrocarbon (CAH), is a common 

groundwater contaminant. This volatile compound was used as industrial solvent. It has 

been released into the environment through accidental spills, leaking storage tanks, 

improper disposal, and landfill leachates. CF is also produced in water and wastewater 

treatment as a result of chlorination (Rook, 1974). In groundwater, CF is produced as an 

intermediate product of carbon tetrachloride (CT) transformation under anaerobic 

conditions (Bouwer and McCarty, 1983). For example, CF was observed as an 

intermediate product, and represented about 30 % of the CT transformed in an evaluation 

of in-situ CT bioremediation under anaerobic conditions (Semprini et al., 1992). 

Aerobic bacteria has shown ability to transform CAHs through cometabolism. 

For example, methane-utilizers (Oldenhuis et al., 1989 and 1991; Alvarez-Cohen and 

McCarty, 1991 a,b), propane-utilizers (Wackett et al., 1989; Keenam et al., 1994),and 

ammonia-utilizers (Rasche et al., 1991; Vannelli et al., 1990) have oxygenase enzymes to 

catalyze the initial oxidation of their respective growth substrates and CAHs. 

2.1 Biological oxidation pathway of CF 

The aerobic organisms that are capable of oxidizing CF generally posses an 

oxygenase enzyme for the initial oxidation reaction with growth substrates such as 
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methane (Alvarez-Cohen et al. 1991a, 1991b) and ammonia (Rasche et al., 1991; Vannelli 

et al., 1990). The mechanism of methane monooxygenase (MMO) catalyzed oxidation of 

CF is thought to be similar to the oxidation by cytochrome P-450 where phosgene is 

produced ( Pohl et al., 1977; Crestiel et al., 1979). 

Pohl et al. (1977) proposed an oxidative dechlorination mechanism for the 

metabolic activation of CF by liver microsoms of rat as shown in Figure 2.1. This 

pathway suggested that the C-H bond of CF is oxidized by cytochrome P-450 

monooxygenase to produce trichloromethanol, which is spontaneously dehydrochlorinated 

to yield phosgene, a toxic compound. Cresteil et al. (1979) observed that phosgene was 

formed during NADH and 02 -dependent microsomal metabolization ofCF. Phosgene is 

an electrophilic toxic metabolite which may irreversibly bind to cellular proteins and lipids 

resulting in toxicity to cells. 

CO2, 2HC1 

H OH 0 1-120, 

02 HCI 

NADPH 

Cl C Cl Cl Cl 
t to- Cl C Cl 

Microsomes 

P450 

Cl CI 

11 

Binding to Macromolecules 
(Toxicity) 

Figure 2.1	 Proposed oxidative dechlorination mechanism for the metabolic activation 
of CF by liver microsoms of rat (Pohl et al., 1977). 
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Alvarez-Cohen and McCarty (1991b) proposed the following pathway shown in 

Figure 2.2 for MMO oxidation of CF. As shown, CF cometabolism catalyzed by MMO 

requires NADH as the reducing energy source and molecular oxygen as an electron 

acceptor. Because a single enzyme is responsible for the oxidation of both growth and 

cometabolic substrates, the presence of methane can inhibit the oxidation rate of CF, and 

vice versa. Therefore, there is a potential for competitive inhibition between the two 

substrates. The oxidation of CF in absence of methane can cause depletion of NADH in 

cells, because NADH is not produced through oxidation of CF. Therefore, NADH 

should be supplied by methane oxidation, endogenous energy reserves, and oxidation of 

formate, an intermediate of methane oxidation. CF oxidation catalyzed by MMO and 

other monooxygenase enzymes may cause toxicity on microbes due to production of 

phosgene. It is expected that cometabolic oxidation of CF by monooxygenase enzymes 

may produce the toxic intermediates which may harm microbes. The oxidation also needs 

a source of NADH. 

H OH 0 
Hci 

MMO Hie 

Cl C CI Cl C Cl CI -C _ A 
CO2 

02 H2O 2HC1 
NADH + NAD

CI Cl 

Figure 2.2 Expected pathway for MMO oxidation of CF. 
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2.2 Cometabolism of CF by methane-oxidizers 

Strand and Shippert (1986) observed that acclimation of a sandy soil to an air-

natural gas mixture stimulated aerobic biotransformation of CF to carbon dioxide. 

Henson et al. (1988) reported aerobic transformation of CF by a mixed culture of bacteria 

enriched on methane. In this study, Lincoln fine sand was enriched over 6 weeks by 

adding 4 % (v/v) of methane to the headspace of aspirator bottles. After 6 weeks of 

enrichment, 10-g amounts of soil were removed from the methane-enriched aspirator 

bottles, and were placed into sterile 27-m1 serum tubes containing 10 ml sterile medium, a 

buffered (pH 6.8) minimal salt solution. A stock solution containing a CAH mixture 

including: dichloromethane (DCM), CF, 1,2-dichloroethane (1,2-DCA), 1,1,1

trichloroethane (1,1,1-TCA), trans-1,2-dichloroethylene (trans-DCE), trichloroethylene 

(TCE), and perchloroethylene (PCE) was tested. The CAHs were added to the serum 

bottles to achieve a final concentration ranging between 100 and 300 .tg/L for each of 

CAHs. The enriched methane microbes in the Lincoln fine sand transformed about 63 % 

of the CF within 6 days. However, the addition of 12 % (v/v) methane to the bottles 

headspace did not result in significantly different transformations, compared to the bottles 

without methane. 

Henson et al. (1989) reported metabolism of CF by a mixed bacterial culture 

grown on methane. Soil that was enriched in the presence of natural gas was used as the 

enrichment inoculum. Methane served as the source of carbon and energy. A mixture of 

CAHs including carbon tetrachloride (CT), CF, DCM, 1,1,1-TCA, 1,1,2-trichloroethane 
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(1,1,2-TCA), 1,1-dichloroethane (l,1 -DCA), 1,2 -DCA, PCE, TCE, trans-DCE, and cis-

1,2-dichloroethylene (cis-DCE) was added to each inoculated serum bottle to achieve a 

final concentration ranging between 200 and 300 ug/L for each of CAHs. About 80 % of 

CF was transformed within 8 days. CF transformation was terminated by the addition of 

acetylene, since an acetylene is the most potent inhibitor of MMO (Stirling and Dalton, 

1977). Fatty acid analysis of the mixed culture resulted in a profile that indicated that the 

predominant organisms were Type II methanotrophs. Type II methanotrophs differ from 

Type I as follows. Type II methanotrophs assimilate C-1 intermediates via the serine 

pathway and posses paired membranes running along the periphery of the cell. Type I 

organisms assimilate one-carbon compounds via a unique pathway, the ribulose 

monophosphate cycle, and have internal membranes arranged as bundles of disk-shaped 

vesicles distributed throughout the organism (Brock et al., 1994). 

Transformation of CF by Methylosinus trichosporium OB3b resting cells grown in 

continuous culture was also reported (Oldenhuis et al., 1989). Continuous cultivation of 

cells of M. trichosporium OB3b was carried out in fermentators under either low or high 

copper nutrient conditions. The production of membrane-associated particulate form of 

MMO (pMMO) was induced at high concentration of copper, because pMMO requires 

copper for enzyme activity, while the production of a cytoplasmic soluble form of MMO 

(sMMO) was induced at low concentration of copper (Burrows et al. 1984). The sMMO 

has been found to transform TCE at much higher rates than the pMMO (Oldenhuis et al., 

1989). Harvested cells were added to the flasks containing 50 ml mineral medium 

supplemented with 20 mM phosphate buffer (pH 7.0), 20 rnM sodium formate, 0.2 mM of 
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CF. Cells were added at 0.35 mg of cells m11 M trichosporium OB3b completely. 

transformed 0.2 mM of CF within 24 hours with the release of stoichiometric amounts of 

chloride, corresponding to transformation capacity of 119 mg CF/mg cell, when either 

soluble or particulate methane monooxygenase enzymes were expressed. 

Oldenhuis et al. (1990) presented the kinetics of CF by Methylosinus 

trichosporium OB3b resting cells. Cells grown under low copper nutrient condition, 

expressed sMMO, and then harvested for transformation kinetics of CF. Cells were 

added to a reactor that contained aerated mineral medium supplemented with 20 mM 

phosphate buffer (pH 6.8) and 20 mM sodium formate. CF was then added at 

concentrations ranging from 0.2 to 750 11M to determine the initial transformation rates at 

various concentration levels. CF was readily transformed with Km and Vmax values of 30 

and 550 nmole min -1 mg of cells-1, respectively. They determined a toxic 

concentration range (maximum allowable concentration) of CF for the cell densities used 

in the experiment. The toxic concentration range meant that Michaelis-Menten kinetics 

were found valid at and below the lower concentration value, but that significant deviation 

occurred at higher concentrations. The maximum allowable concentration for CF was 

calculated for densities of 0.1 mg of cells ml "1 in order to compare with toxicity of other 

CAHs. Based on this calculation, CF was not toxic for concentrations as high as 1501.1M 

(17.9 mg/L) with a cell density of 0.1 mg of cells m1-1. 

Spitel et al. (1992) observed limited CF transformation with a pure methanotrophic 

culture, Methylosinus Trichosporiun OB 3b grown under copper limited conditions. 

Most of CF transformed was converted to carbon dioxide. 
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Alvarez-Cohen and McCarty (1991b) observed the rate and capacity for CF 

transformation by a mixed methanotrophic culture in resting cells tests (no exogenous 

energy source) and formate-fed cells tests. They introduced transformation capacity 

concept to explain the activity of resting cells on TCE and CF transformation with the 

time. Transformation capacity (T0) was defined as g CAH transformed / g of cells. Tc 

was related to diminished reductant supply, toxicity of CF, and/or toxicity of CF 

transformation products. Results for CF transformation by resting methanotrophic mixed 

culture showed sharply declining transformation rates with time and the presence of a 

finite Te. Measurement of formate consumption rate by three kinds of cells, namely non

CF-exposed and non- acetylene-treated cells, CF-exposed cells, and CF-exposed and 

acetylene-treated cells, was carried out to determine whether the toxic effects during CF 

transformation were due to CF itself or due to its transformation products. In this 

experiment, acetylene was used for inhibitor of MMO which prevented CF transformation 

without adversely affecting other cell functions. Therefore, acetylene-treated cells can be 

used to observe the toxic effects of CF by itself However, methane oxidation can not be 

used as a measure of cell metabolic activity because of use of acetylene. Instead of use of 

methane oxidation, formate oxidation can be used as a measure of cell activity, since the 

reaction is catalyzed by formate dehydrogenase, an enzyme was unaffected by acetylene. 

This reaction is the final step in methane oxidation, and essential for normal cell 

metabolism. The reaction is useful for methanotrophs to generate energy, but not for cell 

growth. Cells (CF exposed cells), which transformed CF, showed the lowest formate 

consumption rate among the three kinds of prepared cells. The other two kinds of cells 
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(non- CF-exposed and non- acetylene-treated cells and CF-exposed and acetylene-treated 

cells) showed the same formate activity, suggesting that acetylene didn't affect formate 

activity. Therefore, it was concluded that it was the transformation products of CF, 

rather than CF itself, that were primarily responsible for the observed toxicity to this 

methanotrophic culture. They also report transformation yields for these studies. The 

transformation yield is defined as g CAH transformed / g growth substrate utilized. 

Transformation yield with methane grown mixed culture was 0.002 g CF/g of methane. 

The yield increased to 0.005 g CF/g methane when formate was added as an energy 

source during the transformation of CF. 

Chang and Alvarez-Cohen (1995) reported Te of CAHs by mixed cultures enriched 

on methane, propane, toluene, or phenol. Methane-utilizers were seeded using soil, and 

were grown in a nitrate mineral salts medium without copper or chloride ions (expressing 

sM:M0). Phenol- and toluene-utilizers were grown in the same medium as methane-

utilizers, but copper was added to the medium. Only methane-utilizers and propane-

utilizers produced enzymes capable of degrading both saturated (CF and 1,2 -DCA) and 

unsaturated (TCE) CAHs. Phenol-utilizers and toluene-utilizers transformed TCE, but 

were not able to transform CF and 1,2-DCA. Methane-utilizers showed the highest T. 

for CF (0.02 mg CF/mg cells) among the four cultures tested by resting cells, and the 

capacity was doubled by adding 20 mM of formate. Propane-utilizers showed 0.006 mg 

CF/ mg cells of Tc. CF showed the lowest transformation capacities by resting methane-

and propane-utilizers among the three CAHs, namely CF, TCE, and 1,2-DCA. These 
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results suggest that CF transformation product is more toxic to methane- and propane-

utilizers than 1,2-DCA and TCE. 

2.3 CAHs oxidation by propane-oxidizing bacteria 

Little attention has been given to propane as a growth substrate for CAH 

cometabolism. Wackett et al. (1989) found that Mycobacterium vaccae JOB5, grown op 

propane, had ability to transform TCE, vinyl chloride (VC), 1,1-dichloroethylene (1,1

DCE), and cis-DCE. It is of interest that the propane-oxidizing strains did not show 

identical properties. Four strains of the propane-oxidizing bacteria transformed 29 to 52 

% of the TCE present in incubation mixtures over 24 hours, while M. vaccae JOBS 

transformed virtually all of the TCE in the reaction vials. But no data for CF 

transformation by M vaccae JOBS were presented. 

Keenam et al. (1994) reported that a propane-oxidizing enrichment culture was 

able to transform 1,1,1- TCA and TCE. Batch tests were prepared by inserting 50 ml of 

propane-utilizing bacteria in suspension which were harvested from growth reactor. 

Propane strongly inhibited transformation of both 1,1,1-TCA and TCE. The data for 

1,1,1-TCA transformation did not fit the proposed inhibition models, whereas TCE 

transformation was best described by a noncompetitive inhibition model. CF 

transformation data was not presented. 

Chang and Alvarez-Cohen (1995) reported Tc of CF: 1,2-DCA, and TCE by mixed 

cultures enriched on methane, propane, toluene, or phenol. Propane oxidizers were 
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grown in a nitrate mineral salts medium. Propane oxidizers were able to transform all 

three CAHs tested in this study, but Te values by resting cells significantly lower than 

those of the methane-utilizers (T, by resting cells of propane-utilizers: 0.01 mg TCE/mg 

cells, 0.006 mg CF/mg cells, and 0.01 mg 1,2-DCA/mg cells). 1-propanol, 2-propanol, 

and propanoate were not good sources of reducing energy (NADH) to increase 

transformation capacity of TCE. 2-propanol and propanoate negatively affected propane-

utilizers under all concentrations tested (0.1-10 mM). Formate exerted no effect on 

transformation capacity of TCE by propane-utilizers. 

2.4 CAHs oxidation by butane-utilizers 

There is no report in the literature of butane-oxidizing bacteria which can oxidize 

CAHs. In one study, fifteen bacteria strains and four molds capable of growth on n-

butane were isolated and partially classified (McLee et al. 1972). The bacteria were 

mostly Arthrobacter sp. and Brevibacterium sp.. All isolates were tested for their ability 

to utilize methane, ethane, propane, isobutane, n-hexadecane, sugar, and peptides. None 

were found to use methane. All of bacteria strains grew on all substrates tested except 

methane. The growth rates of the bacterial isolates were also determined. Twelve of the 

15 isolates had doubling times ranging from 5 to 7 hours. One isolate was able to grow 

with a doubling time of 4 to 5 hours, while two isolates had doubling time of 7 to 8 hours. 

As a comparison of the readiness with which the selected bacterial isolates grew on n-

butane, growth rates on n-butanol (primary alcohols being the first metabolite in n-alkane 
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oxidation) and glucose ( a more highly oxidized substance) were compared. The 

tendency was for n-butane to be the least suitable for rapid growth. The similarity of 

growth rates on glucose and n-butanol indicated that it was not the reduced nature of the 

hydrocarbon which was retarding growth, but rather the requirement that butane had to 

first to be oxidized. This step required NADH and the energy loss to the cell may 

account for the slower growth rate. They also tested the possibility that the slower 

growth rates on n-butane could be attributable to mass transfer limitations due to either 

the speed of transfer into the aqueous phase or the low dissolved concentration of the gas. 

No increase in the growth rate was observed when the transfer rate of n-butane into 

solution increased by using shake flasks, having sides indentations serving as baffles, and 

increasing the speed of the orbital shaker. No rate increase was observed when the 

dissolved concentration of n-butane was varied by a factor of 9, by using initial n-butane 

partial pressure from 10 to 90 % of an atmosphere. 

Phillips and Perry (1974) investigated the site on the butane molecule of initial 

oxidative attack by Mycobacterium vaccae. The fatty acid composition of hydrocarbon-

utilizing microorganisms was used to determine the substrate oxidation pathway. M 

vaccae cells were grown on various substrates, and analyzed for their fatty acid 

composition. M. vaccae, grown on propionate and 2-butanone (which would be the 

products of subterminal oxidation of n-butane) contained significant levels of fatty acids 

having odd-carbon number chain length. Less than 1.0 % of the fatty acids in cells, 

grown on n-butane, butyrate, 13-hydroxybutyrate and acetate (which would be the 

products of terminal oxidation of n-butane) had odd-carbon number chain lengths. These 
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results suggested 2-butanone may be metabolized to propionate yielding the precursor 

necessary for odd-carbon number fatty acid synthesis. The absence of significant amounts 

of odd-carbon number fatty acids in n-butane-grown cells suggested n-butane was not 

oxidized through propionate. The similarity of the fatty acid composition in n-butane, 

butyrate, 13-hydroxybutyrate, and acetate-grown cells implies that terminally oxygenated 

intermediates are involved in n-butane oxidation by M vaccae. 

Norcadia TB1 was isolated with trans-2-butene as carbon and energy source, and 

grew on several saturated straight-chain hydrocarbons, but not on 1-alkenes (Van Ginkel 

et al. 1987). Both trans-2-butene- and butane-grown cells of Nocardia TB1 oxidized a 

wide range of hydrocarbons including ethane, propane, cis-2-butene, 1,3-butadiene,
 

ethene, propene, and 1-butene. The nature of the enzyme involved in the attack on
 

butane was investigated by measuring the disappearance of butane using cell-free extracts.
 

Activity was only observed when NAD(P)H and molecular oxygen were included in the
 

reaction mixture, indicating that a monooxygenase is probably responsible for the
 

oxidation of butane. Based on these results, this butane monooxygenase is non-specific
 

enzyme, and is capable of hydroxylation and epoxidation reactions like MMO. Therefore,
 

it might be possible for butane-utilizers to carry out cometabolic process for CAHs.
 

Pathway for the metabolism of butane in Nocardia TB1 is shown in Figure 2.3.
 

Based on these literature review about butane-utilizers, butane-utilizers have a non

specific rnonooxygenase, which degraded saturated and unsaturated aliphatic hydrocarbon.
 

Therefore, butane has the potential cometabolic substrate of Cr-kH transformation.
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Figure 2.3 Proposed consumption pathway of butane in Norcardia TB1. 
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3. Materials and methods
 

Batch microcosm studies were conducted to meet the objectives outlined in 

Chapter 1. A wide range of substrates were tested included: isoprene, ammonia, 

methane, propane, butane, propene, and octane. 

3.1 Aquifer materials and groundwater 

3.1.1 Aquifer materials 

The core sample was taken from the Hanford field site on October 9, 1993. The 

core sample was taken from the contaminated aquifer, however the degree of CF 

contamination of the core materials is not known. It was kept in cold storage for about 7 

months before unpacking. The aquifer material consisted of particle sizes ranging from 

silts to cobbles. 

3.1.2 Groundwater 

Hanford groundwater was not available, due to being registered as a listed waste. 

Hence, synthetic groundwater was prepared and used instead of Hanford groundwater. 
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Last et al. (1991) reported the constituents and concentration ranges in Hanford 

groundwater as shown in Table 3.1. The pH of Hanford groundwater was reported to 

range between 7.6 and 7.9. Synthetic groundwater was prepared based on their reports 

by combining the mineral salts; KC1, MgSO4, Ca(NO3)2, and NaHCO3 The synthetic. 

groundwater prepared had an ionic strength within the range of Hanford groundwater. 

Table 3.1	 Ionic concentrations of Hanford groundwater and synthetic groundwater 
used in this study (Last et al., 1991**). 

Constituents Hanford Groundwater (mg/L)** Synthetic 

Groundwater* 

(mg/L) 

Low High 

K+ 3 6 5.1 

Na 21 52 36.8 

Ca t+ 17 59 17.0 

Mg t+ 6 17 9.7 

C1 4 22 4.6 

NO3 27 162 52.6 

S042- 17 47 38.4 

HCO3	 76 155 97.6 

pH 7.6 7.9 8.3 (7.1 * **) 

*	 Salt added in mg/L [KC1 9.7, MgSO4 48.2, Ca(NO3)2 69.6 NaHCO3 (later removed) 
134.4] 

** For chloride release experiment KC1 was replaced with Kl, which was added to yield 
the 9.7 mg/L of K.
 

* * *pH after removal of sodium bicarbonate.
 



20 

However, the resulting solution was well buffered at a pH of 8.3, and had a white 

precipitate as a result of autoclaving. Sodium bicarbonate was eventually removed from 

the synthetic groundwater to adjust the pH to neutrality, because a pH of 8.3 was 

considered high for good microbial grow. Trace nutrients were not added to the 

synthetic groundwater. 

3.2 Microcosm set-up 

A prepared microcosm is shown in Figure 3.1. The microcosms were set up
 

according to the following procedure:
 The wet soil obtained from Hanford core was wet 

sieved through a no.8 sieve (2.38 mm opening) to remove large particles. Wet sieving 

was conducted under laminar-flow hood (The Baker Company, Sanford, MA) using 

autoclaved synthetic groundwater. The solids passing through the sieve were then 

allowed to settle. After 1 hour of settling, most of the supernant that was used during 

sieving was removed. Clays and other colloids did not settle after 1 hour, therefore some 

microbes attached to clay particles may have been excluded. The microbial distribution, 

however, was not likely affected by this soil preparation. The microcosm bottles were 

prepared by autoclaving 125 mL amber serum bottles with teflon-lined rubber septa and 

aluminum crimp tops (Kimble, IL). Other implements used for transferring soil into the 

microcosms were also autoclaved. The microcosms were constructed under laminar-flow 

hood. 50 mL of autoclaved synthetic groundwater and 15 mi., of sieved wet soil (23 g of 

dry material) were added to the bottles. The ratio of the volume of liquid added to the 
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volume of solid added were higher, compared to that in aquifer. The reason for this high 

ratio was to permit liquid samples to be continuously taken from microcosms. The 

remaining 60 mL of headspace was filled with air. The bottles were then crimped with 

teflon-lined rubber septa. 

Groundwater
(50 ml) 

Figure 3.1 Prepared microcosm. 

3.3 Materials 

Chloroform (99.9 % including stabilizer) was obtained from Mallincicrodt 

Specialty Chemical Co. (Paris, KY). Propane (10 % in Nitrogen), propene (99+ %), 
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butane (10.2 % in Nitrogen), octane (anhydrous, 99+ %), and isoprene (99 %) were 

purchased from Aldrich Chemical Co. (Milwaukee, WI). Methane (99 %) was from 

AIRCO (Vancouver, WA), and pentane (99.999 %) was from Baxter Healthcare 

Corporation (Muskegon, ME). 

3.4 Analysis 

The chlorinated VOC (CF and CT) concentrations in aqueous solution and volatile 

growth substrates tested including methane, propane, propene, butane, octane and 

isoprene concentrations in headspace were determined by gas chromatography. 

Ammonia concentration was determined by colorimetric method using spectrophotometer 

(Standard Methods for the Examination of Water and Wastewater, 1985). Concentration 

of oxygen in headspace was measured on a Fisher gas partitioner (Fisher Scientific, PA) 

with a thermal conductivity detector. 

3.4.1 CF and CT 

CF concentrations in aqueous solution samples were determined using Gas 

Chromatographic (GC) analysis using a Hewlett Packard 5890A series gas 

chromatography. CF and CT were extracted from the aqueous phase with pentane. 

CF and CT were separated with a 2.4 m - 15 % Squalene D80/100 mesh stainless 

steel packed column (Alltech Associates, Deerfield, IL) joined to an electron capture 
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detector (ECD). The column was operated under isothermal conditions. The following 

GC operating conditions were used: injector temperature, 65 °C; detector temperature, 

320 °C; column temperature, 65 °C; carrier gas, argon and methane (95 % : 5 %) gas 

mixture; and carrier gas flow, 25 mL/min. Under these conditions, retention times of CF, 

CT, and TCE were 8.2,11.9, and 16.5 minutes respectively. In these analyses, TCE was 

used as an internal standard. 

The extraction method for CF and CT analyses was adapted from the method for 

trihalomethanes described in Standard Methods for the Examination of Water and 

Wastewater (1992). An aqueous 1 mL sample, which was taken from each microcosm 

bottle, was extracted with 2 mL of pentane through agitation for 20 seconds on a Vortex 

Mixer. After 10 minutes, 1.5 mL of the pentane-extract was transferred to a gas 

chromatography crimp-seal vial autosampler (Sun Brokers, Wilmington, NC). 2µl of the 

pentane-extract was introduced into the GC using a HP 7673A automatic sampler. Peak 

integrations were obtained with a Hewlett-Packard 3393A integrator. Concentrations 

were normalized through the use of TCE (100 µg/L) as an internal standard. Calibration 

curves were developed using external standards in methanol (See Appendix A). 

3.4.2 Volatile growth substrates 

The volatile growth substrates including methane, propane, propene, butane, and 

isoprene were separated with 1.2 m - HayeSep D80/100 mesh stainless steel packed 

column (Alltech Associates, Deerfield, IL) connected to a flame ionization detector (FID). 
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The column was operated under isothermal conditions. The following operating 

conditions of GC were used for analysis: injector temperature, 120 °C; detector 

temperature, 280 °C; column temperature, 100 °C; carrier gas, nitrogen gas; and carrier 

gas flow, 15 mL/min. Under these conditions, the retention time in minutes was as 

follows: methane, 0.6; propane, 3.7; propene, 3.4; butane, 13.6; and isoprene, 48.4. For 

octane analysis, a 1.0 m - HayeSep Q stainless steel micropacked column (Restek 

Corporation, Bellefonte, PA) attached to a FID was used. The following operating 

conditions of GC were used for octane analysis: injector temperature, 250 °C; detector 

temperature, 320 °C; column temperature, 180 °C; carrier gas, nitrogen gas; and carrier 

gas flow, 8 mL/min. Under these conditions, retention time of octane was about 9.2 

minutes. 

The methods were calibrated using external standards. Calibration curves were 

prepared differently, based on phase and/or stock concentration of each growth substrate. 

Details are presented in Appendix A. Calibration curves for growth substrates that 

existed in liquid phase (anhydrous 99+ % octane and 99 % isoprene) are also described in 

Appendix A. 

The headspace analysis was performed as follows. A 100 p.L of gas sample was 

taken from the headspace of microcosm bottles with a Hamilton 1701N gas tight syringe 

(Hamilton, Nevada) and manually introduced into the GC. All the samples were taken at 

room temperature. The total mass of growth substrate was determined by mass balance 

assuming Henry's Law equilibrium partitioning as described in Appendix C. 
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3.4.3 Oxygen 

The oxygen concentration in the headspace was measured with a Fisher Model 25 

V gas partitioner (Fisher Scientific, PA) equipped with a thermoconductivity detector. 

100 0 gas sample was taken from headspace of microcosms using a 0.5 mL of pressure-

Lok syringe (Precision Sampling Corp., LA), and manually introduced into the gas 

partitioner. The method was calibrated using air as an external standard. 20, 40, 60, 80, 

and 1000 of air were injected into gas partitioner. The oxygen concentration of each 

sample were 56, 112, 168, 224, and 280 mg/L assuming 21 % oxygen by volume in air. 

3.4.4 Ammonia 

The phenate method for ammonia analysis was adapted from Standard Methods 

for the Examination of Water and Wastewater (1985). This is a colorimetric method 

using a spectrophotometer at 630 nm. An intensely blue compound, indophenol, is 

formed by the reaction of ammonia, hypochlorite, and phenol catalyzed by a manganeous 

salt. 1 mL of liquid sample was taken for ammonia analysis, and then 9 mL of ammonia 

free water was added to create a 10 mL sample volume. This method was calibrated 

using external standards as described in the Standard Methods. 
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3.4.5 Chloride 

Chloride release measurements were made to determine the degree of 

dechlorination that results when CF is transformed. Chloride concentration was 

quantified on a Dionex (Sunnyvale, CA) 40001 chromatograph equipped with an 

autosampler, a 4270 integrator, and a conductivity detector. The instrument contained a 

Dionex Ionpac AS4A column (Sunnyvale, CA) that utilized a regenerant containing 

H2SO4 and an eluent consisting of a mixture of Na2CO3 and NaHCO3. The autosampler 

was programmed to deliver an injection volume of 50 pl. 

Samples were prepared for analysis by dispensing them into 1.5 mL polypropylene 

flat top microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA) and centrifuging for at 

least 5 minutes (13000 rpm) in order to remove any suspended particles. 0.6 mL of the 

supernatant was then transferred to Dionex Polyvials Tm with filter caps for use with the 

autosampler. The prepared samples were either frozen or immediately analyzed. 

Calibration curves were developed daily using external standards. Stock solutions of 

sodium chloride were prepared to obtain concentrations of 0.2, 0.4, 0.8, 1.0, and 2.0 

mg/L. Three deionized water samples were first placed in a sequence on the autosampler. 

3.5 Synthetic groundwater preparation 

The synthetic groundwater was prepared in deionized water. The synthetic 

groundwater was autoclaved for 20 minutes before use. To minimize evaporation of 
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synthetic groundwater during autoclaving, aluminum foil was used to cover the bottle 

opening. The autoclaved synthetic groundwater was cooled to room temperature before 

use. 

3.6 Preparation of CF- or CT-saturated aqueous stock solution 

CF- or CT-saturated aqueous stock solution was prepared as described in 

Appendix B. Prior to using the stock aqueous solution, the bottles were shaken on a 

shaker table for about 12 hours to saturate CF or CT, and were allowed to stand 

undisturbed for 4 hours. The concentration of aqueous stock solution was measured 

monthly to determine the stock aqueous CF or CT concentrations, and was nearly 

constant. 

3.7 Initial additions of growth substrates and CF 

The CF-saturated aqueous stock solution was added into the bottles through the 

rubber septa to obtain the desired CF concentration. The gaseous growth substrates 

stock-feed was prepared as described in Appendix B. Based on the concentration 

measured, a volume of gas from the stock gas bottle was added to the microcosm through 

its septum to obtain the desired total mass of gaseous substrate. Liquid growth substrates 
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such as isoprene and ammonia were directly added to the microcosm to obtain the desired 

total substrate mass. No substrate was added into microcosms that served as controls. 

3.8 Sampling 

After construction of the microcosms, the initial headspace samples were taken 

after approximately 30 minutes of shaking using a wrist action shaker (Burrell Corp., 

Pittsburgh, PA). Initial liquid samples were measured after letting small particles settle in 

the microcosm for about 1 - 2 hours after shaking. 

During incubation, the bottles were kept inverted at room temperature on a orbital 

shaker table rotating at about 150 rpm (Eberbach Corp., Ann Arbor, MI). During the 

course of the experiment, both headspace gas and liquid samples were periodically taken 

from the microcosms using the procedure described above. As a result of liquid and gas 

sampling and the consumption of oxygen and the gaseous primary substrate, a vacuum 

resulted inside the microcosms. The bottles were reequilibrated to atmospheric pressure 

under laminar-flow hood using air, pure oxygen or nitrogen depending on the amount of 

oxygen desired in the bottles. This was accomplished as follows: The plunger of a 5 

mL-glass syringe was completely wetted with deionized water to minimize the friction 

between plunger and the syringe wall and to minimize the leaking of air. The syringe was 

filled with 5 mL of pure oxygen, air, or nitrogen. The amount withdrawn from the 

syringe to equilibrate headspace pressure to atmospheric pressure was then measured. 

During the courses of all experiments except oxygen depletion experiment, excess oxygen 
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was supplied by air or pure oxygen, and oxygen concentrations in headspace were 

continuously monitored. 

3.9 Successive additions of growth substrates or CF to the microcosms 

Successive addition experiments were performed on microcosms stimulated on 

butane, propane, and methane, since these growth substrates showed the most potential 

for driving CF cometabolism. The purpose of the successive addition experiments was to 

test the continuity of consumption of CF and growth substrate, without new cell supply. 

The experiments also studied the effects of increasing CF concentrations on CF 

transformation. 

The procedures for successive additions with growth substrate or CF to the 

microcosms were the same as those previously described. New synthetic groundwater 

was added to microcosm to replace that withdrawn by sampling. 

The microcosm septa were periodically replaced under the laminar-flow hood to 

minimize losses of the gaseous substrates, and air. This was usually performed after CF 

and primary substrates were completely transformed and/or degraded. More autoclaved 

synthetic groundwater was added to CF control microcosm, CF-saturated stock aqueous 

solution was also added to maintain the desired CF concentration. 
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3.10 Microcosm set-up for chloride release experiment 

In order to measure chloride production from CF transformation in microcosms 

fed butane, a lower chloride content synthetic groundwater was needed. KCI, which was 

originally used to make synthetic groundwater, was replaced with KI. A new microcosm 

was prepared as described in the microcosm set-up. 1 mL of suspension was taken from 

an active butane-fed microcosm, which showed CF transformation, and then synthetic 

groundwater, which contained KI, was added. To minimize chloride dispensed during the 

inoculum transfer, the 1 ml was centrifuged and washed three times before being 

introduced to the microcosm. Only butane was fed to enrich mixed cultures, and CF and 

butane were then added into a microcosm. Chloride concentrations were monitored 

before and after CF was added. 
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4. Results 

The results of the initial screening of several different cometabolic substrates for 

CF transformation will be presented. This will be followed by results of successive 

addition studies with methane, propane, and butane microcosms. Results from more 

detailed studies with butane-utilizers will be presented. 

4.1 Results of initial screening of different growth substrates 

The substrates tested in this study were methane, ammonia, propane, butane, 

propene, isoprene, and octane. Methane and propane have been recognized as effective 

growth substrates for cometabolism of CAHs (McCarty and Semprini, 1993). Butane 

was tested whether it could serves as an effective cometabolic substrate for CF 

transformation like methane, ethane, and propane. After butane appeared to be an 

effective cometabolic growth substrate for CF transformation, octane was tested to 

evaluate whether longer chain aliphatic hydrocarbon was more effective growth substrate 

for CF cometabolism. 

The ratio of the mass of growth substrate added to that of CF ranged between 100 

and 200. Such high ratios of substrate to CF mass permitted stimulation of a sufficiently 

large biomass. This would lead to cometabolism of CF during the initial incubation if an 
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effective population was stimulated. The concentration of CF in the aqueous solution 

was approximately 4501Ag/L. 

The results that will be initially presented are for microcosms which showed little 

ability to degrade CF. All CF transformation in active microcosms stimulated on growth 

substrates was normalized for losses in the control microcosm lacking growth substrates. 

4.1.1 Microcosms stimulated on isoprene 

The isoprene-utilizers were recognized as being capable of transforming CAHs 

through cometabolism. Therefore, the experiment was performed to evaluate whether 

microbes stimulated on isoprene can induce CF transformation. Figure 4.1 presents 

histories of the total isoprene and total CF mass in the control microcosm (CF without 

isoprene) and in the active microcosms (CF and isoprene) during initial incubation period. 

About 10 % of isoprene added into each active microcosm was lost, and less than 5 % of 

reduction in CF mass was observed over 140 days. Results indicate that isoprene-

utilizers were not stimulated, and essentially no transformation of CF occurred. 
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Figure 4.1 Histories of the total isoprene and total CF mass in the control microcosm 
(CF without isoprene) and in the active microcosms (CF and isoprene) during the initial 
incubation period. 

4.1.2 Microcosms stimulated on octane 

Studies were performed to determine whether microorganisms grown on saturated 

aliphatic hydrocarbons with carbon chains longer than butane could induce CF 

transformation. Octane was tested as a potential cometabolic substrate. Figure 4.2 

shows total octane and total CF mass histories in the control microcosm (CF without 
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octane) and in the active microcosms (CF and octane) during initial incubation period. 

Fairly rapid and complete octane consumption was observed after 15 to 30 days of 

incubation. However, CF transformation was less than 5 % for 50 days. Octane was 

added again into the microcosms at 31 days. Complete and rapid octane consumption 

was also observed, but no CF transformation occurred. 
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Figure 4.2 Total octane and total CF mass histories in the control microcosm (CF 
without octane) and in the active microcosms (CF and octane) during the initial 
incubation period. 
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4.1.3 Microcosms stimulated on ammonia 

Ammonia-utilizers can transform a wide range of CAHs including CF through 

cometabolism (Vannelli et al., 1990), thus ammonia was tested as a cometabolic growth 

substrate for CF transformation. Figure 4.3 presents histories of the total ammonia and 
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Figure 4.3 Histories of the total ammonia and total CF mass in the control microcosm 
(CF without ammonia) and in the active microcosms (CF and ammonia) during the initial 
incubation period. 
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total CF mass in the control microcosm (CF without ammonia) and in the active 

microcosms (CF and ammonia) during the initial incubation period. Consumption of 

ammonia was slow and incomplete during 122 days. CF transformation rate increased as 

ammonia consumption increased. However, CF transformation stopped when ammonia 

consumption ceased. Approximately 20 % of the CF was transformed after 122 days. 

The duplicate microcosms show nearly identical results for ammonia consumption and CF 

transformation. 

4.1.4 Microcosms stimulated on propene 

Studies were carried out to determine whether microorganisms grown on 

unsaturated aliphatic hydrocarbons could transform CF through cometabolism. Propene 

was tested as a cometabolic growth substrate. The results from the propene microcosm 

studies during initial incubation period are shown in Figure 4.4. After a lag period of 20 

to 30 days, propene consumption was observed with propene being completely consumed 

after 60 days. Negligible amounts of CF were transformed from the microcosms. Thus, 

the propene- utilizers were not effective at cometabolizing CF. 
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Figure 4.4 Total propene and total CF mass histories in the control microcosm (CF 
without propene) and in the active microcosms (CF and propene) during the initial 
incubation period. 

4.1.5 Microcosms stimulated on methane 

Methane-utilizers have shown great ability to transform a very wide range of 

CAHs. Methane were tested as a cometabolic substrate for CF transformation. Histories 

of the total methane and total CF mass in the control microcosm (CF without methane) 
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and in the active microcosms (CF and methane) during initial incubation period are shown 

in Figure 4.5. Methane consumption was observed after a lag of 6 days. Complete 

methane consumption was achieved after about 60 days of incubation in the duplicate 

microcosms. Limited CF transformation was observed in both microcosms. When CF 
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Figure 4.5 Histories of the total methane and total CF mass in the control microcosm 
(CF without methane) and in the active microcosms (CF and methane) during the initial 
incubation period. 
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transformation was normalized for losses in the control microcosm, about 32 % of CF was 

transformed after 80 days of incubation. Thus, limited CF transformation by 

microorganisms grown on methane was achieved. 

4.1.6 Microcosms stimulated on propane 

Propane-utilizers were recognized as aerobic microbes that can transform 

chlorinated ethenes (Wackett et al., 1989). An experiment was performed to evaluate 

whether microorganisms stimulated on propane can induce CF transformation. Figure 4.6 

shows the results during initial incubation of the propane stimulated microcosms. Both 

microcosms # 6 and # 7 showed identical CF transformation and propane consumption 

rates during the first incubation. After about 30-day lag period, significant propane and 

CF transformation was observed. This lag period was longer than the methane-utilizers, 

which had a lag period of about 6 days (Figure 4.5). In duplicate microcosms, complete 

propane and CF consumption was observed after 60 days of incubation. The results are 

shown to be very reproducible in the two microcosms. CF transformation correlated well 

with propane consumption. Propane did not appear to strongly inhibit CF transformation, 

as both propane and CF were consumed together. Propane was utilized over a period of 

30 to 40 days, indicating fairly slow microbial growth. 
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Figure 4.6 Histories of the total propane and total CF mass in the control microcosm 
(CF without propane) and in the active microcosms (CF and propane) during the initial 
incubation period. 

Oxygen consumption in microcosms # 6, # 7 and # 11 was monitored during initial 

incubation to determine whether propane consumption was correlated with oxygen 

consumption. Histories of the accumulated propane mass consumed and the accumulated 

mass of oxygen consumed are shown in Figure 4.7. Significant oxygen consumption 

began in microcosms # 6 and #7 after 25 days of incubation, when propane consumption 
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Figure 4.7 Histories of the accumulated propane mass consumed and the accumulated 
mass of oxygen consumed in the control microcosm (CF without propane) and in the 
active microcosms (CF and propane) during the initial incubation period. 

started, and after most of the propane was consumed, oxygen consumption decreased. 

Some oxygen consumption was observed in microcosm # 11 possibly due to the 

consumption of organic materials present in the soil. Approximately 2.25 mmole of 

oxygen (average value of duplicate microcosms) was required to consume I mmole of 
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propane. This compares to stoichiometric value of 5 mmole of oxygen per 1 mmole of 

propane. Propane was likely used as a carbon source for cell yield, thus oxygen 

consumption was less than that based on stoichiometry. 

4.1.7 Microcosms stimulated on butane 

The study of microcosms with butane addition was carried out as an exploratory 

experiment, since no previous observations of CAH cometabolism with butane had been 

reported. Figure 4.8 presents histories of the total butane and total CF mass in duplicate 

microcosms #8 and #9, along with the CF control microcosm lacking butane. 

After a 25-day lag period, significant consumption of butane and CF were 

observed. CF transformation occurred once butane consumption was observed. 

Complete CF transformation was observed after 50 days, with CF transformation well 

correlated with butane consumption. The duplicate microcosms showed nearly identical 

results. The consumption of CF and butane, on a percentage basis, in each of the 

microcosm was almost identical with CF transformed somewhat faster than butane. On a 

mass basis, 0.006 g CF were transformed per g of butane consumed. The nearly identical 

response in each of the microcosms indicates similar population of microorganisms was 

stimulated. 
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Figure 4.8 Histories of the total butane and total CF mass in the control microcosm (CF 
without butane) and in the active microcosms (CF and butane) during the initial 
incubation period. 

Oxygen consumption in microcosms # 8, # 9, and #10 is shown in Figure 4.9. 

After a lag period of 25 days, significant oxygen consumption was observed. This lag 

period corresponded with the butane lag period These results indicate correlation of 

oxygen consumption with butane consumption. Some oxygen consumption was observed 

in the control microcosm # 10, but this consumption could be related with consumption of 
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organic materials present in soil. Approximately 1.7 mmole of oxygen (average value of 

duplicate microcosms) were required to consume 1.0 mmole of butane. This compares to 

stoichiometric value of 6.5 mmole of oxygen required to consume 1.0 mmole of butane. 

Butane was likely used as a carbon source for cell growth, therefore oxygen consumption 

was less than that based on stoichiometry. 

4.1.8 Summary of initial screening of different growth substrates 

Table 4.1 summarizes the results of the screening microcosm experiments. The 

ratio of the mass of growth substrate to CF of 200 was planned, however variability exists 

between substrates. Growth substrates are presented in mass basis rather than in mole 

basis, since mass provides a more representative comparison of the energy available for 

growth. Substrate utilization was observed in all cases except isoprene. Rapid and 

complete octane consumption was observed, however CF transformation was not 

observed. Consumption of methane, butane, propane, and propene was slow, while the 

consumption of ammonia was very slow. Limited CF transformation (less than 35 %) 

was observed in microcosms stimulated with methane and ammonia. Essentially no CF 

transformation was observed in microcosms stimulated with propene, octane, and 

isoprene. Essentially complete CF transformation was observed in microcosms stimulated 

with butane and propane. 
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Table 4.1 Results of initial screening of different growth substrates 

Growth Substrate CF Mass Substrate Time for 90 % CF * 
Substrate Mass added added Utilization CF Transformation 

Lag Time Transformation 

(mg) (110 (days) (days) (%) 
Methane 3.0 15.2 6 N.A. 32
 
Ammonia 1.22 15.3 N.D. N.A. 22
 
Propane 3.74 22.5 25 65 91
 
Butane 4.2 24.2 10 42 99
 

Propene 3.86 20.8 10 N.A. 7
 
Isoprene 6.8 23.3 N.D. N.A. < 5
 
Octane 4.36 23.9 N.D. N.A. < 5 

N.A.	 : 90 % transformation not achieved 
N.D.	 : could not be determined from the data collected
 

: Transformation was normalized for losses from data
 

4.2 Respike microcosm studies 

4.2.1 Microcosms stimulated on methane 

Figure 4.10 shows the histories of the total methane and total CF mass in 

microcosms fed successive additions of methane and CF. The microcosms were 

subjected to increasing amounts of CF. The initial incubation showed 32 % CF 

transformation in microcosms stimulated with methane. However, after CF and methane 

were added, complete transformation of CF was achieved within about 60 days. Each 

microcosm showed very similar consumption rates of methane and CF during the second 

incubation (175 and 235 days). The CF transformation rate, on a percentage basis, was 
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slower at high methane concentrations than at low methane concentrations. For example, 

after 210 days, CF transformation accelerated, after most of methane was utilized. Thus, 

methane likely inhibited CF transformation. 
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Figure 4.10 Histories of the total methane and total CF mass in the control microcosm 
(CF without methane) and in the active microcosms (CF and methane) during the 
successive addition experiment. 
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Methane and CF were added into each microcosm after 235 days of incubation. 

The same amount of methane was added into each microcosm. The mass of CF added 

into microcosm # 4 was a factor of 2 higher than that added into microcosm # 5. In both 

microcosms, limited CF transformation was observed. In each microcosm, a similar mass 

of CF mass was transformed. This corresponded to a transformation yield of 0.004 g CF 

transformed/ g methane utilized. This is equal to that observed during previous respike 

experiments with CF and methane. Methane inhibition for CF was indicated again, since 

most of the CF transformation occurred after methane concentration was reduced to low 

levels. After methane was completely consumed, the CF transformation rapidly ceased. 

This termination of transformation might be due to energy depletion (exogenous and 

endogenous energy) and/or toxic effects of CF transformation. 

Methane and CF were added again into each microcosm after 295 days. CF mass 

added into microcosm # 4 was a factor of 2.5 greater than that into microcosm # 5, while 

same amount of methane was added into each microcosm. Complete consumption of 

methane was observed within 50 days (295 to 345 days) in each microcosm. There was a 

lag period for methane consumption after adding CF and methane in both microcosm # 4 

and # 5. The methane consumption rate was slower than that observed after the third 

addition at 235 days. This slow consumption rate might be due to a decrease in the 

microbial population or inhibition at higher CF concentrations. This decrease in the 

microbial population could be related with CF transformation during the previous respike. 

Limited CF transformation was observed in both microcosms. A similar mass of CF mass 

was transformed, as in the previous lower concentration incubations. Complete methane 
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consumption occurred even at the high CF concentrations. These results indicate that CF 

itself is not much toxic to methane-utilizers at this concentration level. 

4.2.2 Microcosms stimulated on propane 

4.2.2.1 CF transformation by propane-utilizers crown in the presence of CF 

Figure 4.11 shows the consumption of propane and CF by propane-utilizers in the 

successive addition study. This is a continuation of the original stimulation shown in 

Figure 4.6. Propane and CF were added into microcosm # 7 at 90 days. In microcosm 

#6, only CF was added again at 90 days, and propane was added at 130 days. No CF was 

transformed in microcosm # 6 without the addition of propane. After propane was 

reintroduced into microcosm #6, CF and propane consumption resumed very slowly. At 

the end of the incubation, accelerated CF transformation was correlated with accelerated 

propane consumption. These results suggest that CF consumption is strongly correlated 

with propane utilization. The propane-utilizers had no residual CF transformation 

capacity, since no CF transformation was observed when only CF was added. Complete 

CF transformation and propane consumption was observed in microcosm # 7, however the 

rates were very slow. 100 days were required to completely remove the second addition 

of propane and CF. We did not know why such a long time was required. It may be that 

minor nutrients were lacking or CF transformation was toxic to the propane-utilizing 
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population. Microcosm # 6 also required about 80 days to consume all the propane and 

CF in the third addition. 
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Figure 4.11 Results of the second addition of propane and CF to the propane-utilizers 
microcosms. Microcosm # 6 was originally respiked with only CF, while microcosm # 
7 was respiked with both CF and propane. 



51 

A study was performed to evaluate how effective propane-utilizers were at 

degrading increasing CF concentrations. Figure 4.12 shows CF and propane 

consumption in microcosms being subjected to increasing masses of CF, while the mass of 

propane added again was kept nearly constant. Propane and CF were added again into 
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Figure 4.12 CF transformation by propane-utilizers in the presence of increasing CF 
concentrations. 



microcosms # 6 and # 7 after about 205 and 215 days of incubation, respectively. The 

amount of propane added to both the microcosms was the same, but the mass of CF added 

again into microcosm # 7 was 1.5 times as much as that added to microcosm # 6. CF 

transformation and propane consumption was complete in microcosms # 6 and # 7, 35 and 

50 days after respiking, respectively. The consumption of CF in microcosm # 7 was 

slower than that observed in microcosm # 6. Complete transformation of 40 .tg of CF in 

microcosm # 7 corresponded to a transformation yield of 0.01 g CF transformed/ g 

propane utilized. 

In the next respike the mass of CF added into microcosms # 6 and # 7 was 

increased by a factor of 3. Limited CF transformation was observed in both microcosms. 

The high CF concentration of 2200 1.tg/L (120 jig of CF total mass) appeared to inhibit 

propane utilization. 

4.2.2.2 CF transformation by propane oxidizers grown on propane in the 
absence of CF 

Thus far, the stimulation of propane-utilizers had been in the presence of CF. A 

experiment was conducted to determine whether more effective CF transformation 

occurred when propane-utilizers were first grown in the absence of CF, and then were 

challenged with CF. Figure 4.13 shows results from microcosm #16 that was initially 

stimulated on propane in the absence of CF. Both propane and CF were then added to 

the microcosms. Very rapid and complete transformation of about 30 dig of CF was 
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observed. CF transformation, on a percent basis, was faster than propane consumption. 

When CF was completely transformed, only 40 % of the propane was consumed. This 

suggests that rapid transformation occurs when microbes are grown in the absence of CF, 

and are then challenged with CF. 
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Figure 4.13 CF transformation by propane-utilizers grown in the absence of CF, and then 
challenged with CF. 
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Microcosm # 16 was then fed only propane for 42 days (120 - 172 days) and was 

then added with both propane and CF at about 172 days. CF was continuously 

transformed in three successive additions, while the initial addition of propane was being 

utilized. Thus, rapid and complete CF transformation was also observed after growth in 

the absence of CF. This microcosm was then challenged with high CF concentrations 

in the presence of propane. About 63 p.g and 45 p.g of CF were added at about 220 and 

255 days respectively, while propane was added only once at 220 days. Rapid and 

complete CF transformation was again observed at high CF concentrations. CF and 

propane consumption stopped with the second spike of CF. This may have resulted from 

toxicity resulting from CF transformation, or oxygen limitations in the microcosm. 

Transformation yield was about 0.026 g CF transformed/g propane utilized. 

4.2.2.3 CF transformation in microcosms initially fed propene and then
 
added propane
 

A study was then conducted to determine whether the propene-utilizers, initially 

stimulated on propene, would rapidly consume another substrate like propane and whether 

they would transform CF. Figure 4.14 shows histories of total propene, total CF, and 

total propane mass in the active microcosms (CF and propene or propane). 

Propane was added again to microcosms # 19 and # 20 at 78 days. After a lag 

period of about 30 days, propane consumption was observed in microcosm # 19. After a 

very long lag period of 80 days, propane consumption was observed in microcosm #20. 
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A long lag period indicates that the propene-utilizers initially stimulated did not quickly 

consume propane as a growth substrate, and that the growth of propane-utilizers was 

probably required for propane consumption to occur. CF transformation was observed in 
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Figure 4.14 Histories of total propene , total CF, and total propane mass in the active 
microcosms (CF and propene or propane) stimulated on propene, and then switched 
to propane addition. 
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both microcosms after consumption of propane, consistent with the earlier propane 

observations. It should be noted that no CF transformation was observed when propene 

was utilized as a substrate. 

Propane and CF were added to microcosm # 19 at about 130 days. Propane 

consumption was very slow, consistent with the results shown in Figure 4.11. Limited 

CF transformation was observed. The slow propane consumption and limited CF 

transformation might be related with toxic effects of CF transformation or minor nutrient 

limitations. 

Propane and CF were also added again to microcosm # 20 at about 185 days. 

Complete consumption of CF and propane was observed, and consumption rate of CF and 

propane was comparable to the initial incubation. 

4.2.3 Microcosms stimulated on butane 

4.2.3.1 CF transformation in presence or absence of butane 

Similar respike experiments were conducted with butane-utilizing culture. Again, 

the duplicate microcosms shown in Figure 4.8 received different treatments for the second 

additions. Figure 4.15 presents histories of the total butane and total CF mass in 

duplicate microcosms #8 and #9, along with the CF control microcosm lacking butane 

during respike experiments. 
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Figure 4.15 Histories of the total butane and total CF mass in duplicate microcosms #8 
and #9, along with the CF control microcosm lacking butane. 

After about 50 days of incubation, butane and CF were added into #9 microcosm, 

while only CF was added into microcosm #8. CF and butane consumption was complete 

in microcosm #9. It took about 20 and 30 days respectively after the addition for 

complete consumption. The consumption rate of CF and butane in microcosm #9 was 

faster than that observed during the initial incubation. This increased rate is likely due to 
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an increase in the microbial population. In microcosm #8, some CF was transformed 

upon adding of CF, but transformation stopped after a few days in the absence of butane. 

This suggests that butane-utilizers had more residual CF transformation capacity than 

propane oxidizers. Butane was added again to microcosm #8 at 70 days, CF and butane 

consumption resumed after a lag period of 8 days. This lag is probably associated with a 

decrease in the microbial population in the absence of butane. This decrease might also 

be associated with toxicity resulting from the transformation of CF. The observations of 

no transformation of CF in the absence of butane and resumption of CF transformation 

after adding butane suggests that CF transformation is strongly correlated with butane 

consumption. 

4.2.3.2 CF concentration effect on transformation of CF 

A study was then performed to evaluate the ability of butane-utilizers to degrade 

increasing concentrations of CF (Figure 4.16). Microcosm #9 was subjected to increasing 

amounts of CF, while butane mass was kept nearly constant. Complete CF 

transformation was observed for each addition. Complete transformation was observed 

with the highest CF mass of 551.tg. This corresponds to a transformation yield of 

approximately 0.01 g CF transformed / g butane utilized. The consumption of butane and 

transformation of CF was extended over a greater time period at the highest CF 

concentration, possibly indicating toxicity due to CF transformation, nutrient limitations or 
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Figure 4.16 Histories total CF and total butane mass in microcosm # 9 challenged with 
increasing CF concentrations. 

competitive inhibition. At a low total mass of CF (about 20 and 35 lag) corresponding to 

solution concentration of about 400 and 700 p.g/L, butane consumption did not appear to 

be inhibited by CF, while butane-consumption appeared to be inhibited by CF at a high 

total mass of CF (55 lAg) corresponding to solution concentration of about 1200 i_tg/L. 

Also shown in the third addition of butane and CF, when butane mass was less than 0.5 
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mg, the CF transformation rate was accelerated. Thus, butane may have inhibited CF 

transformation. 

4.2.3.3 CF transformation after a period of growth in the absence of CF 

Figure 4.17 shows the consumption of CF and butane after butane-utilizers were 

grown in the absence of CF. Only butane was added to microcosm # 9 at 162 days. 

After complete consumption of butane, CF and butane were added to the microcosm. 

The first addition of 90 pg of CF was completely transformed within 21 days, and the rate 

of CF transformation was faster than that observed by butane-utilizers grown in the 

presence of CF. Another 70 pg of CF was added when about 0.3 mg of butane was left 

in the microcosm. Upon adding CF, the transformation rate of CF slowed and finally 

ceased. This might be due to toxicity resulting from CF transformation or depletion of 

both exogeneous and endogenous energy sources. A maximum transformation yield of 

0.03 g CF transformed/g butane utilized was observed by the butane-oxidizers grown in 

the absence of CF. This estimate, however, does not include butane consumed in the 

absence of CF, which would result in a lower the estimate to 0.015 g CF transformed/ g 

butane utilized. Butane-utilizers grown in the absence of CF, therefore, are more 

effectively transformed CF than those continuously challenged with CF. 
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Figure 4.17 CF transformation in active microcosms fed butane after a period of growth 
in absence of CF. 

4.2.3.4 Evaluation of Carbon Tetrachloride (CT) transformation in microcosm 
fed butane 

In order to evaluate whether an oxygenase enzyme was likely responsible for CF 

transformation, the transformation of CT was evaluated. CT was used because there 
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Figure 4.18 Total mass histories of butane, CT, and CF in the active microcosm # 8 (CF, 
CT and butane) and in the control microcosm (CF and CT without butane). 
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have been no observations of aerobic cometabolism of CT. Figure 4. 18 presents the total 

mass histories of butane, CT, and CF in microcosm # 8. Microcosm # 8 was initially fed 

with butane and CT. While butane was completely consumed, no CT transformation was 

observed. The microcosm was then respiked with butane and CF. No transformation of 

CT was observed, while complete and rapid transformation of CF occurred. The rapid 

consumption of CF was probably associated with the earlier consumption of butane 

resulting in an increase in the microbial population or stored energy. Again, two 

successive additions of CF were transformed, while only one addition of butane was 

consumed. The presence of CT appeared to have no adverse effects on the butane-

utilizers. The absence of CT transformation supports our believe that an oxygenase 

enzyme was likely responsible for CF transformation. 

4.2.3.5 Effect of oxygen depletion on butane consumption and CF
 
transformation
 

A test was conducted, illustrating the dependence of the CF transformation on 

oxygen. This helped further demonstrate that an oxygenase enzyme was likely involved 

in the transformation of CF. Figure 4.19 shows the histories of total butane mass, total 

CF mass, and dissolved oxygen (DO) concentration in microcosm # 8. The DO 

concentration was calculated by using the measured headspace oxygen concentration and 

by applying Henry's Law. The headspace was initially filled with air. To limit oxygen in 

the microcosm, butane was continuously added without oxygen addition, and nitrogen 
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Figure 4.19 Histories of total butane mass, total CF mass, and dissolved oxygen (DO) 
concentration in microcosm # 8. 
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was used to equilibrate the headspace to atmospheric pressure. The DO concentration 

decreased as butane was utilized. CF transformation stopped at DO concentration 

between 1 to 2 mg/L, and butane consumption ceased at DO concentration approximately 

1 mg/L. CF transformation stopped prior to butane consumption. The lower oxygen 

concentration may have stressed the butane-utilizers, and inhibited CF transformation. 

However, the consumption of butane and CF resumed upon adding pure oxygen. CF 

transformation was actually faster than butane, on a percentage basis, upon the 

reintroduction of oxygen, suggesting butane did not strongly inhibit CF transformation. 

The results of the oxygen limitation study also indicated that an oxygenase enzyme of 

butane-utilizer is likely responsible for CF transformation. 

4.2.3.6 Chloride release from CF 

In order to evaluate whether CF is completely dehalogenated, the chloride 

concentration of the aqueous solution was monitored during the transformation of CF. 

Figure 4.20 shows the chloride concentration history corresponding to the transformation 

of CF in a microcosm stimulated on butane. Initially, when only butane was added into 

the microcosm, the chloride concentration remained constant as butane was consumed. 

Butane and CF were then added into the microcosm at 40 days. The chloride 

concentration increased as CF was transformed. The chloride concentration stopped 

increasing when the CF transformation ceased. After butane and CF were consumed, 

new synthetic groundwater was added at about 88 days, which resulted in the lowering of 
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the chloride concentration. As CF transformation resumed, the chloride concentration 

again increased. 
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Figure 4.20 Histories of total butane mass, total CF mass, and chloride concentration in 
butane fed microcosm. 
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The histories of mass of chloride accumulated and the accumulated mass of CF 

transformed during this test are presented in Figure 4.21. Approximately 0.58 j_tmole of 

CF were transformed, corresponding to 1.8 p.mole of chloride ion produced. Thus, about 

97% of the CF transformed could be accounted for by the release of chloride into solution. 

These results indicate that CF was completely dehalogenated by the butane-utilizing 

population. 
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Figure 4.21 Histories of the accumulated chloride mass and the accumulated mass of CF 
transformed in butane fed microcosm. 
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5. Discussion
 

The batch microcosm method used in this study appears to be a good screening 

method. The method has several advantages. First, it is easy to operate, sample, and 

permits conduct continuing batch studies to be conducted. Second, the long-term effect 

of CF toxic by-products on microorganisms can be investigated. Third, the long term 

growth and maintenance is more representative of conditions found in situ. Fourth, CF 

transformation can be monitored under active growth conditions and maintenance rather 

than under resting conditions, and active growth is more similar to the conditions of in-

situ bioremediation. Last, the sequential respiking method provides an easy means of 

studying the concentration effects and energy requirements under transient growth 

conditions. 

There are several disadvantages of this method. First, it is difficulty to measure 

the total active cell mass in microcosms due to sorption of cells onto solids surfaces. 

However, soil is a good nutrient source, and can supply microorganisms with minor 

nutrients lacked in synthetic groundwater. Second, the experiment was not performed 

under real subsurface conditions. For example, the ratio of volume of groundwater to 

volume of solid was higher than those in an aquifer. A higher volume of solids may can 

potentially supply more nutrients to the microorganisms. Third, only selected particle 

sizes were used. Last, the presence of headspace was not the true condition of in-situ 

bioremediation. The presence of headspace influenced results. Although the ratios of 

the mass of gaseous growth substrates added to the mass of CF added were initially about 
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200, CF transformation was not greatly inhibited by gaseous growth substrates. One 

reason is that most of the gaseous growth substrate was present in headspace, and the 

concentrations in liquid phase were low, about 2 mg/L for butane at the maximum 

headspace concentrations. More inhibition might be observed if liquid concentrations 

were higher as might be required for in-situ bioremediation. 

The respiking of the microcosms worked very well as a means of studying the 

effects of increasing concentrations of CF. This permitted estimates of transformation 

yield under active growth conditions. This type of experiment had been previously used 

to determine TCE transformation yields with resting cells of methane-utilizing mixed 

culture (Alvarez-Cohen and McCarty, 1991 b). 

This study indicates that the most effective CF transformation was achieved by 

microcosms of butane-utilizers. In our knowledge, these are the first observations of 

butane as a cometabolic substrate for CAH transformation. 

It is not surprising that butane-utilizers are capable of CAH cometabolism. 

Norcadia TB1 grown on butane has a monooxygenase enzyme that initiates butane 

oxidation in the presence of oxygen and NADH (Van Ginkel et al., 1987). Van Ginkel et 

al. (1987) reported that Norcadia TB1 grown on butane oxidized a wide range of 

hydrocarbons including ethane, propane, cis-2-butene, 1,3-butadiene, ethene, propene, and 

1-butene. Consequently, Norcadia TB1 grown on butane has a monooxygenase enzyme 

that, like MMO, is not substrate specific. Their results suggest that butane-utilizers have 

a non-specific monooxygenase enzyme. 
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The initiation of aerobic CF transformation through cometabolism (Alvarez-Cohen 

and McCarty, 1991 b) requires oxygen, NADH, and non-specific monooxygenase enzyme 

like MMO. The evidence reported here that supports an oxygenase enzyme is involved 

includes: 1) the requirement of oxygen for butane consumption and CF transformation; 2) 

the lack of CT transformation ability; and 3) CF transformation dependence on butane. 

Stoichiometric amounts of chloride were released during CF transformationby 

butane-utilizers. The previous results (Spitel et al., 1992; Oldenhuis et al., 1989) showed 

complete dehalogenation of CF by the pure culture, Methylosinus trichosporium OB3b. 

This complete dehalogenation of CF indicates that CF transformation, initiated by butane 

monooxygenase, may follow the cometabolic CF transformation pathway proposed by 

Alvarez-Cohen and McCarty (1991 b). Complete dehalogenation of CF through this 

pathway may cause toxicity to the butane-utilizers due to production of phosgene, a 

known toxic intermediate (Pohl et al., 1977). 

CF transformation was observed in microcosms fed propane, which are consistent 

with previous results (Chang and Alvarez-Cohen, 1995). In our study, CF transformation 

was associated with propane and oxygen consumption. Propane-utilizers also have a 

non-specific monooxygenase enzyme (Wackett et al., 1989), and likely transformed CF 

through the CF transformation pathway suggested by Alvarez-Cohen and McCarty 

(1991 b). This suggests that CF transformation might also be toxic to propane-utilizers 

due to production of phosgene, a toxic intermediate. 

The propane-utilizers grew very slowly, compared to methane- and butane-

utilizers. During initial incubation period, approximately 4 mg of propane was utilized 
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over a period of 30 to 40 days, and 50 to 100 days required for the following addition. 

The slow consumption of propane may have resulted from: 1) toxicity of CF 

transformation; 2) CF inhibition of propane utilization; and 3) the lack of minor nutrients 

required for effective growth. 

Our findings suggests that propane and butane have potential as growth substrates 

for the cometabolic transformation of CF. Both substrates achieved a fairly high CF 

transformation yield. The transformation yield is an important consideration for in-situ 

bioremediation because of the difficulty in adding the growth substrate and oxygen to the 

subsurface. Thus, the greater the amount of contaminant that is transformed relative to 

the amount of substrate fed may be more important than the transformation rate achieved. 

This is especially true when CAHs concentrations are high. 

Transformation yields of methane, propane and butane estimated from this work 

are listed in Table 5.1 along with literature values. The highest transformation yield was 

achieved by the butane-utilizers. Propane-utilizers enriched in this study had 

transformation yields 5 times greater than those reported by Chang and Alvarez-Cohen 

(1995). It appears that more effective propane-utilizers were enriched in this study. 

Transformation yields of methane-utilizers enriched in this study were 5 times greater than 

those reported by Alvarez-Cohen and McCarty (1991 b), and a factor of 5 smaller than 

those reported by Chang and Alvarez-Cohen (1995). One possible reason for the greater 

transformation yield reported by Chang and Alvarez-Cohen (1995) was the addition of 20 

mM of formate in their study, which served as an exogenous energy source for CF 
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transformation. Therefore, there might be a difference in transformation yields due to 

different experiment conditions. 

Table 5.1 Estimates of transformation yields from this study and values reported in the
literature. 

Transformation Yield * 
Substrate (g CF transformed / 

g substrate consumed) 
This Study 

Methane 0.01 
( Growth in the presence of CF) 

Butane 0.01** 
(Growth in the presence of CF) 

Butane 0.03 (0.015***) 
(Growth in the absence of CF) 

Propane 0.01** 
(Growth in the presence of CF) 

Propane 0.026**'*** 
(Growth in the absence of CF) 

Literature 
Methane-utilizers 0.002* * * * 

(Alvarez-Cohen and McCarty, 1991 b) 
Methane-utilizers with 20 mM formate 0.02* * * * 

(Chang et al., 1994) 
Propane-utilizers 0.005 * * * * 

(Chang et al., 1994) 
Conditional estimate: in the presence of growth substrate under microcosm incubation conditions** These are conservative estimates of the potential transformation yield, since all the CF added to the 
microcosm was transformed. 

*** This estimate does not include butane or propane consumed in the absence of CF. 
**** Transformation yield was calculated from the reported data of cell yield and transformation capacity. 
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Transformation yields achieved by butane-utilizers or propane-utilizers grown in 

absence of CF were a factor of 3 greater than those achieved in the presence of CF. The 

CF transformation rates were also faster under these conditions. This may indicate 

toxicity when the microbes are grown in the presence of CF, or a greater ability of the 

microbes to store energy for later CF transformation when grown in the absence of CF. 

This is consistent with earlier observations of CF transformation toxicity towards a 

methane-utilizing mixed culture, and the ability of microbes to obtain energy for CAH 

transformation from storage energy products (Alvarez-Cohen and McCarty, 1991 b; 

Moore et al., 1989). 

The CF transformation achieved in methane fed microcosms agrees with previous 

results (Strand and Shippert, 1986; Henson et al., 1989; Oldenhuis et al., 1989; Oldenhuis 

et al., 1990; Spitel et al., 1992; Alvarez-Cohen and McCarty, 1991 b; Chang and Alvarez-

Cohen, 1995). It is difficult to say whether methane-utilizers enriched in this study 

expressed sMMO or pMMO, because the copper concentration in microcosms fed 

methane was not measured, nor was any attempt made to characterize the MMO. 

A lower transformation yield was observed in microcosm fed methane during 

initial incubation. The transformation yield increased during successive additions, which 

likely resulted from the microbial population increase with successive additions. This 

increased microbial population likely enhanced CF transformation. After methane was 

consumed, the CF transformation rate accelerated. One possible reason for this result is 

that methane competitively inhibits CF transformation. 
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More studies are needed to answer the questions generated in this study. First, in 

order to make sure that a monooxygenase enzyme of butane-utilizers is involved in the 

oxidation CF, monooxygenase enzyme blocking experiments should be performed using 

acetylene, an irreversible inhibitor ofmonooxygenase enzymes. Second, qualitative and 

quantitative studies of toxicity resulting from CF transformation by butane- and propane-

utilizers need to be carried out under both growth and resting cell conditions. Third, 

competitive inhibition between growth substrates of butane or propane and CF need to be 

determined under conditions that mimic in-situ bioremediation. Fourth, factors 

responsible for the slow growth of propane-utilizers and butane-utilizers need to be 

determined, because slow growth of the propane-utilizers and butane-utilizers may limit 

application of these cometabolic substrates for in-situ CF bioremediation. Fifth, the 

ability of butane-utilizers for cometabolizing other CAHs needs to be determined. Sixth, 

more research is needed to determine what factors contribute to butane-utilizers being 

effective microbial populations for CAH transformation. 

The butane-utilizers in this study originated from the Hanford aquifer solids have 

ability to cometabolically transform CAB. Butane-utilizers originating from McClellan 

Air Force Base aquifer solids have shown no ability to cometabolically transform CAHs 

(Tovanabootr and Semprini, 1996). The reason why butane-utilizers from one site show 

CAH cometabolism ability and those from another do not needs to be investigated. Last, 

more study is needed to evaluate whether effective butane- and propane-utilizers can be 

stimulated in the presence of native Hanford groundwater. 
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Butane and/or propane have some potential advantages as growth substrates for 

aerobic cometabolism compared to methane: 1) They achieved high transformation yields 

for CF. 2) They have about 3 times higher solubility in water. 3) Like methane they are 

cheap and readily available. 4) They can be liquified and thus are easy to supply at sites 

that lack natural gas pipelines. 5) As gases, butane and propane might also be directly used 

as sparging gases to promote cometabolic treatment in both the saturated and unsaturated 

zones. 
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Appendix A 

Aqueous Standard Preparation of CF and CT 

Five 100 ml-volumetric flasks were filled with RO/DI water and then, appropriate 

amounts of stock solutions, using the appropriate microsyringe, were added to five flasks 

in order to obtain the following concentrations: 5, 10, 25, 50,100, 250, and 500 tg/L. 

Each flask was capped and shaken before used. 

Standard Curve Preparation for Gases Growth Substrates 

Calibration curves for the gases growth substrates diluted with nitrogen (10 % of 

propane and 10.2 % butane in nitrogen) were prepared as follows. A 125 ml autoclaved 

amber bottle, what was crimped cap sealed, was filled with gas substrate, and the pressure 

was equilibrated to atmospheric pressure. 

100 tl of gas sample was taken using 0.5 ml pressure-Lok syringe (Precision 

Sampling Cor., Baton Rouge, Louisiana) was injected into gas partitioner to determine if 

the bottle was fully saturated with the gas substrates. A Hamilton 1701N gas tight 

syringe was used to generate calibration curves. 10, 20, 30, 40, and 50 tl of growth 

substrates were taken from the prepared bottle to obtain the five different concentrations 

of each gas substrate (Butane in mg/L: 24.6, 49.2, 73.9, 98.5, and 123.1; Propane in 

mg/L: 18.5, 37.0, 55.4, 73.9, and 92.4). Each sample was manually injected into GC. 
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Calibration curves for pure gases growth substrates (99+ % propene and 99 % 

methane) were prepared as follows. 20 ml of methane and 10 ml of propene were spiked 

into two 125 ml autoclaved amber bottles to obtain concentrations of 107 mg/I and 140 

mg/L respectively. The following concentrations of each substrate were injected into GC: 

Methane in mg/L 10.7, 21.4, 32.0, 42.6, and 53.3; Propene in mg/L 14.0, 28.0, 42.0, 56.0, 

and 70.0. 

Standard Curve Preparation for Liquid Growth Substrates 

50 ml and 62 ml of autoclaved DI water was added to two autoclaved 125 ml-

amber bottles respectively, and the bottles were then capped. 101.11 of isoprene was 

added to the bottle containing 50 ml of DI water. 8 p1 of octane was spiked into the 

other bottle containing 62 ml of DI water. Bottles were shaken overnight to achieve an 

equilibrium partitioning between liquid and gas phases. At equilibrium, isoprene and 

octane concentrations in gas phase were 77.5 mg/L and 92.9 mg/L respectively. A 100 ul 

gas sample was injected into the GC using Hamilton 1701N gas tight syringe. 20, 40, 60, 

80, and 100 ul of growth substrates were taken from the prepared bottle to obtain 

following concentrations: isoprene in mg/L 15.5, 31.0, 46.5, 62.0, and 77.5; octane in 

mg/L 18.6, 37.2, 55.7, 74.3, and 92.9. 
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Appendix B 

Preparation of CF- or CT-Saturated Aqueous Stock Solution 

A serum bottle was filled about 1/3 full with glass beads and about 2/3 full with DI 

water. The serum bottle with a teflon lined rubber septa and uncrimped aluminum cap 

was autoclaved after agitation to remove air bubbles between glass beads. After cooling 

the bottle, approximately 4 times the volume of CF or CT achieved the solubility limit in 

water of CF or CT (8200 mg/L or 800 mg/L, respectively @ 25 °C) was added to the 

serum bottle. The masses of CF or CT added were 4100, 500, and 400 mg, respectively. 

The serum bottle was topped off with autoclaved deionized water and crimped. 

Preparation of Gaseous Growth Substrates Stock-Feed 

A 125 mL of serum bottle with teflon-lined rubber septa and uncrimped aluminum 

top was filled with about 15 mL of deionized water, and was autoclaved. Other 

components such as the tube and needles used for transferring gaseous substrates from gas 

cylinder to serum bottle were also autoclaved. After autoclaving the serum, stock gas 

bottle was crimp-sealed. A needle connected with gaseous substrate cylinder was pierced 

through septa. Another needle was also pierced through the septa to equilibrate the 

pressure of serum bottle during addition of gaseous substrate to atmospheric pressure. 

The serum bottle was then saturated with the gaseous substrate. A headspace sample was 

taken to determine the gaseous substrate concentration. 
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Appendix C 

Mass Balance on Growth Substrate 

The microcosms have 50 mL of aqueous solution (VL) and 60 mL of headspace 

(VG). The total mass of growth substrates in microcosm is the sum of masses in aqueous 

solution (ML) and in headspace (MG). The masses in aqueous solution and headspace are 

the products of the concentrations (CL and CG) and volumes (VL and VG). The total mass 

of each of these volatile growth substrates (MT) was calculated using dimensionless 

Henry's law constant [He: (mass/volume)gai (mass /volume)liquid] with aqueous solution
 

and gas volumes [MT = ML + MG = CL VL CG VG '= (VL He + VG) Cd. The He of
 

methane, propane, butane, propene, isoprene and octane were adapted from Mackay and
 

Shiu ( Hc, =than. 27.2, tic, = 28.9, HC, butane = 38.7, He, pr e = 8.6, Hc, is. me = 3.14,
 

and Hc, octane = 121) (1981).
 

Example (Butane)
 

Assumption :
 

1. A negligible amount of butane is adsorbed onto solids. 

2. Steady-state partitioning of butane into gas and liquid phase. 

3. VL represents all the water in the microcosm. 

Calculation: 

P = 1 atm in headspace 

Temperature = 293 K 

R = 0.082 atm*Limole-K 
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VL = 0.050 L 

VG = 0.060 L 

Vspiked (total volume of butane spiked into a microcosm) = 0.018 L 

Purity of butane = 10 % in nitrogen 

Total Mass of butane spiked into a microcosm 

= (1 atm * 0.018 L * 0.1)/(0.082 atm*L/mole-K * 293 K) * (58000 mg 

butane/1 mole butane) 

= 4.35 mg butane 

Dimensionless Henry's Law constant of Butane (He) 

= 38.7 Rmole/L)gas/(mole/L)liquid 

If X mg of butane is in headspace at equilibrium state, (4.35-X) mg of butane
 

is present in solution at equilibrium state.
 

He = { (X mg/ VG}/{(4.35-X) mg/ VL}
 

38.7 = ( X mg/0.060 L)/{(4.35-X) mg/0.050L}
 

X ---- 4.26 mg butane
 

Consequently, 4.26 mg butane is present in headspace, and 0.09 mg butane is in
 

the aqueous solution.
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Appendix D
 

Sample Chromatograms of CAHs 

atm 1 t43I 
START 

NN 17. 1994 11122:46 
RIM 1 1434 
START 

JUN 17. 1994 12:27:10 

4.311 1.523 

2.452 
2.499 

3.141 

0 1.Lg/L 5 .tg /L 

CF 

TCA 

CT 

1i M1 ICE14.1" TCE
 

STOP
 

Closing signal file R:SIGNAL .INC
 

RUNS 1431 JUN 17. 1914 11422146
 

SAMPLES
 I
 

SIGNAL FILE: 1051CNAL.ANC
 
NACU
 

AT AREA TYPE 81016 AREA%
 
.516 14249 88 .8118 4.83783
 

16.499 2794176 Pt .919 95.14214
 

TOTAL AREA. 293319
 
NUL FACTOR1.611116E.416
 

STOP
 

Closine signal file N:S1010L .MC
 

RUM 1434 .884 17. 1994 12:27:66
 

SAMPLES 4
 

SIGN*. FILE: 114SIGNAL.ANC
 
AREA% 

RT AREA T19E MOTH AREA2 
.328 15459 68 .687 1.116641 

2.432 19223 8P .261 4.13297 
3.643 39094 P8 .971 15.36989 
9.422 16576 PP .616 2.71399 

16.4415 284932 P9 .117 73.11875 

TOTAL AREA. 369684 
ILL F1ICTORI.68116E.416 

Figure D.1 GC chromatograms for CF, TCA, and CT at 0 and 5 µg/L; TCE internal 
standard = 100 µg/L. 
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RUN 1 1437
 JIM 17. 1994 13:31:41 Rom 1 1431 JUN 17. 1994 13:53:11
 
START
 STAR'
 

1
 II
 

1.311
 1.562 

2.42 

3.116 

10 mg/L 25 p.g/L 

4.11m CF 

9,451 TCA 

11.121 CT 

ICE TCE
16.4111 15.481 

STOP 5702 

Closing simnel file TTISICI41L Closing signal filen:310W..011C .101C 

RUIN 1437 MAW 1438JUN 17. 1994 13:31:41 .851 17. 1994 13:53111 

SAAPLE8 7 S0NPLE1 8
 

SIGNAL FILE: 111SIGNIAL.ONC 310161. FILE: NTS10118.1114C
 
!REM AREA% 

RT AREA ME 111018 AREAS IT AREA ME MOTH MEM 
.518 13851 PO .887 3.52250 .562 154413 P8 .111 3.82665 

2.449 17825 81. .230 3.78379 2.452 19481 RP .261
 3.82728 
3.821 83291 PR 1.237 18.58948 3.116 60622 P5 .953 11.98969 
8.183 7461 ve .499 1.65883 8.184 28711 80 .588 4.46885 
9.418 17951 YO .623 3.98895 9.428 48534 VP .623 9.53412 
11.921 232411 55 .781 3.16630 11.926 681117 Pt .754 11.79113 
16.400 283167 91 .918 63.27142 16.4,2 284250 P8 .9t9 55.84326 

10266 AREA. 449993 TOTAL 811/14. 589814 
11 f561OR.1.8ONE411 118. U561111241.161116418 

Figure D.2 GC chromatograms for CF, TCA, and CT at 10 and 25 µg /L; TCE internal 
standard = 100 µg /L. 
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8I14 * 1441 JUN 17, 1994 14:57:43
 
StaR7
 

IF
 

4.153
 

2.434
 

2.4
 

50 pLg/L 

TCE
 
16.5111
 

STOP
 

Closing slfga1 File 11:510811. .1/NC
 

MAN 1441 JAI 17. 1994 14:57443
 

SYKES 11
 

SIGNAL FILE: 11:411:14AL.ONC
 
AREAL
 

RT AREA 'FIVE MIVIIN AREA%
 
.555 14097 BB .095 1.76875
 

2.458 19966 39 .262 2.371160
 
2.994 68759 34 .937 7.21414
 
6.193 61932 IV .586 7.35331
 
9.4341 192924 VII .685 22.98625
 

11.933 194227 811 .721 23.29042
 
16.5110 295521 BB .1116 35.60062
 

TOTAL NW.On 842233
 
11111. FACT0104.11018E400
 

RUN f 1443 JUN 17. 1994 15:40:42
 
START
 

If 

1.569
 

2.459
 

100 Ilg/L 

CF
 

TCA
 

CT
 
11.171
 

TCE
 
16.414
 

STOP
 

Closing signal file 144610118. .11AC
 

RUNG 1443
 .434 17. 1994 15440142
 

SAMPLE, 13
 

SIGNAL FILE: 114SICNAL.ONC
 
AREA% 

RT AREA TYPE 1111114 AREA% 
.509 14816 80 .076 1.71690 

6.198 91733 8V .507 10.63013 
9.427 216022 VO .605 25.03288 
11.930 258990 88 .708 38.01298 
16.494 281304 PO .918 32.64718 

TOTAL AREA. 062953
 
AIL F4.744 .1.114101164118
 

Figure D.3 GC chromatograms for CF, TCA, and CT at 50 and 100 µg/L; TCE internal 
standard = 100 µg/L. 
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111111 I 1445 

11111:Ir 

JUN 17. 1994 16:23:29 
RUN 1 1446 
STMT 

.194 17. 1994 

1.5S 

!6.15:00 

2.451 

-14 
2.4411 

2501.19/L 500 p.g/L 

IF 

34 
CFC 

11.433 TCA 

5101.
sTrt 

Closing 91/841 file m:slcmaL
Closing signal File 115181/1 .1112 .WIC 

RUH 1446
IMMO 1445 JUN 17. 1994 16:45:103JIM 17. 1994 16:23:39 

SOMA. 16
SAMPLE, 15
 

SICKAL
 18S/CHAL.Bne
SICw& FILE: 11:510114..V44 
AREALMEM 

RI AREA TYPE 111011111 AREA 127S 1113711 MEMAREA
 
.370 15892 Pe .899 

.334 14405 BB .894 .29769.71.43
 8.199 494146
6.194 223370 N6 .512 10.21180
IV .589 11.12924 9.429
 1241224 .661
28 25.65159
9.433 542717 98 ..5% 25.67343 
11.949 216606 6211.942 10426316 86 .641 49.23197 .646 56.64294 
16.313
16.307 281979 208514 16 .118 5.714911111 .918 13.31470
 

TUN- N2E8-46311211
 

FaCT011.1.1168.411
 
TUT84. stE/1.21178183 

ILL F1CT16.1.01111E.68 

Figure D.4 GC chromatograms for CF, TCA, and CT at 250 and 500 µg/L; TCE 

internal standard = 100 µg/L. 

http:F1CT16.1.01111E.68
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Appendix E 

Sample Chromatograms of butane, propane and methane 

RUN I 2524 AUG 13. 19% 16:33:17
 
START
 

:f
 

1.371
 

IF
 

Butane 0 mg/L 

STOP
 

Closing signal file N:SIGNAL .BNC
 

RUM 2524 AUG 13. 1996 16:33:17
 

SIGNAL FILE: 14:SIGNAL.BNC
 
AREA%
 

RT AREA TYPE WIDTH AREA%
 
BB 10.80084
1.390 54516 1.112
 

TOTAL AREA. 54516
 
WA. FACTOR1.00801088
 

RUN 4 2525 AUG 13. 19% 16:55:11
 
START
 

1.441
 

1.20
 

IF
 

13.173
 

Butane 17 mg/L 

STOP
 

Closing signal file N:SIGNAL .BNC
 

RUM 2525 AUG 13, 1996 16:55:11
 

SIGNAL FILE: N:SIGNALAINC
 
AREA%
 

RT AREA TYPE
 
.441 5344 BY
 
1.208 7473 YB
 
13.673 2797282 P8
 

TOTAL AREA2810819
 
NUL WT0.1.8080E448
 

WIDTH AREA%
 
.182 .19818
 
1.838	 .26594
 
.900 99.54387
 

Figure E.1 GC chromatograms for butane at 0 and 17 mg/L. 
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* RUN * 2528 AUG 13, 1996 18:18:57
 
START
 

*
 RUN I 2526 AUG 13. 1996 17:15:42
 
START
 

IF
 

1
 
3.318
 

IF
 

IF
 

13.622
 

13.655
 Butane 50 mg/L 

Butane 33 mg/L 

STOP
 
STOP
 

Closing signal file N:SIGNAL .BNC
 
Closing signal file 4:SIGNAL .BHC
 

RUN. 2526 AUG 13, 1996 17:15:42
 
RUIN 2528 AUG 13, 1996 18:18:5;
 

SIGNAL FILE: N:SIGHAL.BHC
 
AREA SIGNAL FILE: N:SIGNAL.BHC
 

RT AREA TYPE WIDTH AREA% AREA%
 
13.655 5726888 PB .908 188.80088 RT AREA TYPE WIDTH AREA
 

3.818 2134 .285
PY .82740
 
TOTAL AREA.5726088 13.622 7786877
 PB .899 99.97261
 
NUL FACTOR=1.0000E+00
 

TOTAL AREA 7789011
 
NUL FACTOR1.8980E+94
 

Figure E.2 GC chromatograms for butane at 33 and 50 mg/L. 
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RUN S 2532 AUG 14, 1996 *
 
START START
 

-'1F
 

,4 09:48:12 RUN S 2534 AUG 14, 1996 11:14:45
 

STOP
 

Closing signal file M:SIGNAL .BHC
 

RUNS 2532
 AUG 14. 1996 -09:48:12
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA% 

RT AREA TYPE WIDTH AREA% 
3.171 68848 BB 4.652 .55582 

18.893 3357 BP .766 .83862 
12.967 10895024 PB .980 99.41437 

TOTAL AREA=1.0963E+07
 
NUL FACTOR=1.9088E+89
 

IF
 

18.777
 

13.61i
 

Butane 83 mg/L 

STOP
 

Closing signal file N:SIGNAL .INC
 

RUNS 2534
 -AUG 14, 1996 11:14:45
 

SIGNAL FILE: N:SIGNALAINC
 
AREA 

RT AREA TYPE 
18.777 4464 BP 
13.616 13588528 PB 

WIDTH 
.791 
.984 

AREA 
.83284 

99.96717 

TOTAL AREA.1.3593E+87 

Figure E3 GC chromatograms for butane at 66 and 83 mg/L. 
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* RUN # 2518 AUG 13, 1996 15:37:49
 

START
 

2.187
 

Propane 0 mg/L 

STOP
 

Closing signal file N:SIGNAL .BHC
 

RUN# 2518 AUG 13, 1996 15:37:49
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA%
 

RT AREA TYPE WIDTH AREA
 
2.187 53644 BY 3.492 188.88888
 

TOTAL AREA= 53644
 
MUL FACTOR=1 .8888E+88
 

* RUN # 2519 AUG 13, 1996 15:47:59
 
START
 

IF
 

Propane 17 mg/L 

STOP
 

Closing signal file N:SIGNAL .BNC
 

RUNS 2519 AUG 13, 1996 15:47:59
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA%
 

RT AREA TYPE WIDTH AREA
 
3.753 2625698 PB .239 188.88888
 

TOTAL AREA=2625698
 
NUL FACTOR=1.8888E+88
 

Figure E.4 GC chromatograms for propane at 0 and 17 mg/L. 
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* RUN # 2528 AUG 13, 1996 15:56:44
 
START
 

if
 

8.443
 

3.769
 

Propane 33 mg/I. 

STOP
 

Closing signal file POSIGNAL .BNC
 

RUN# 2528 AUG 13, 1996 15:56:44
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA%
 

RT AREA TYPE WIDTH AREA
 
.443 5754 BY .215 .11836
 

3.769 5288338 PB .239, 99.88966
 

TOTAL AREA=5214883
 
MUL FACTOR=1.0000E+00
 

* RUN # 2521 AUG 13, 1996 16:04:05
 
START
 

IF
 

1.228
 

3.748
 

Propane 50 mg/L 

STOP
 

Closing signal file M:SIGNAL .BNC
 

RUN. 2521 AUG 13, 1996 16:84:85
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA% 

RT AREA TYPE WIDTH AREA 
1.228 24155 I BB .612 .31332 
3.748 7685299 PB .239 99.68669 

TOTAL AREA=7709456
 
MUL FACTOR=1.81030E+00
 

Figure E.5 GC chromatograms for propane at 33 and 50 mg/L. 
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* RUN # 2522 AUG 13, 1996 16:12:48
 
START
 

IF
 

1.229
 

3.745
 

Propane 66 mg/L 

STOP
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA% 

RT AREA TYPE WIDTH AREA 
1.229 18489 I BB .281 .18165 
3.745 1822977; PB .239 99.89837 

TOTAL AREA=1.8210E+87
 
MUL FACTOR=1.8808E+88
 

* RUN # 2523 AUG 13, 1996 16:23:47
 
START
 

1.238
 

...
 
C
 

Propane 83 mg/L 

STOP
 

Closing signal file M:SIGNAL .BHC
 

RUN# 2523 AUG 13, 1996 16:23:47
 

SIGNAL FILE: N:SIGNAL.BNC
 
AREA% 

RT AREA TYPE WIDTH AREA 
1.238 12673 BB .263 .89929 
3.754 12758968 PB .248 99.98874 

TOTAL AREA = 1.2764E +87
 

MUL FACTOR=1.8808E+80
 

Figure E.6 GC chromatograms for propane at 66 and 83 mg/L. 
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* RUN # 9 JAN 2, 1981 81:14:27
 
START
 

0.555
 

1.4"
 

Methane 22 mg/LSTOP I 

Closing sisnai file 14:'.i,i.411.
 

RUH# 9 JAN 2, 1981 01:14:27
 

SIGNAL FILE: N:SIGHAL.BHC
 
AREA%
 

RT AREA TYPE WIDTH AREA
 
.555 7178058 BB .864 99.98461
 

1.427 1104 PV
 .267 .81540
 

TOTAL AREA=7171162
 
NUL FACTOR=1.8008E+08
 

4 RUN # 
START 

8 JAN 2, 1981 81:11:43 * RUN # 
START 

7 JAN 2, 1901 01:88:41 

--r 
1 

STOP Methane 44 mg/L STOP Methane 66 mg/L 
Closin, 

Closing sin..; rile P1: 1:14.0114L 

RUN# 8 JAN 2, 1901 81:11:43 RUH# 7 JAN 2, 1981 01:88:41 

SIGNAL FILE: N:SIGNAL.BNC
 SIGNAL FILE: N:SIGNAL.BNC
 
AREA
 AREA%
 

RT AREA TYPE WIDTH AREA
 RT
 AREA TYPE WIDTH
 AREA
.572 14707624 BB . 066 99.98659
 .565 21762248
 388 .053 108.80888
1.612 1978 I BH . 338 .81339
 

TOTAL AREA=2.1762E+87
 
TOTAL AREA=1.4718E+87
 NUL FACTOR=1.0808E+88
 
NUL FACTOR=1.0888E+80
 

* RUN 4 IAN 2, i341 81:42;28,. * RUN # 6
 JAN 2, 1981 81:84:52

START
 START
 

L. 'T 'F


4. 7A7
 t 
STOP Methane 110 mg/L STOP Methane 88 mg/L 
Closing Closing. file 

RUM 5 1901 3 RUM 6 JAN 2, 1901 81:84:52 

SIGNAL FILE: N:" 
AREA% 

RT AREA TYPE 
.561 3529200J S8B 

1.468 146s I OH 

MOTH 
.055 
.189 

AREA% 
99.99587 

.00415 

SIGNAL FILE: 14:SIGNAL.BHC 
AREA% 

RT AREA TYPE WIDTH 
.567 28974336 SB8 .857 

AREA 
188.80888 

TOTAL AREA=3.5293E+87 
NUL FACTOR=1.0880E+08 

TOTAL AREA=2.8974E+07 
NUL FACTOR=1.8080E+00 

Figure E.7 GC chromatograms for methane at 22, 44, 66, 88, and 110 mg/L. 
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Appendix F 

Sample Chromatograms of chloride 

CHANNEL A
 INJECT ei:5::39 

ANIONANA- YSIS
 01:51:39 cm. 0A" PS 1.
 

FILE
 1. METHOD
 5. RUH 7 INDEX
 

NAME
 SONC A7
 P! NT BC
 

e.
 o. a, 262579 el
 
e. e. 7.: 4:7 col
:
 J.
 

4
 
1. ii 79791 02
 

e,. 4 ; 2' " '' 0 e:
 
e. 108,8 el
 
a.
 8699 Oa
 

'I'LS O.
 57:64!
 

CHANNEL A INJECT
 02:01:57 
0..
 

C1' 0.8 mg/L 

AN/0NNA_ v615 CH- -A- Ps.
02:01:57 3.
 

FILE 1. NETN85 RUN e
 INDEX
 

NAME :.ONC PT RR NT BC RF
 

A. 0.05 248439 01
 
2
 0. 1.24 39811 02
 
3
 o. 3. 34 38499 82

4
 

8. ' .6 264225 82
 
R. 1.88 8336 03
 

6
 8. 3.29 737 01
 
7
 8. 5.78 2859 01
 

Figure F.1 IC chromatograms for Cl at 0 and 0.2 mg/L. 
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R 01:30:38 

H -

-;, ia CI" 0 mg/L 

:. :0 

RN:GHANA,. YS1S
 01:00:08 CH= "8" PS= 1. .
 

F:LE 1. METHOD 5. RUN 2
 INDEX 2
 

NAME
 CONC RI ?K HT EC RF
 

a.
 0.91 230475 al
 
2
 0. 0.22 515 01
 
3 .a. 1.24 254:7 ;BP

4 0. 1.2 27941 02
 
5
 a. 1.39 7552 03
 
6 192701
3.
 
7
 0. 5.73 14042 01
 

"CTRLS a.
 317239
 

,:-iRNHEL :N:E:-


Cl" 0.2 mg/L----''

ANI0i41NAL YSIS
 01:41:21 CH. "A4 PS= 1.
 

FILE 1. METHOD 5.
 RUN 6 INDEX 6
 

NAME CONC RI PK H1 2C RF
 

a. 0. '3 241372 01

a.
 0.32 :99 ai. 

4417 47.
a. :...1t:
 

a. 1.:4 2.31a4 02
 
3. 1.6 71763 32
 

1.39 6;3-13 02
 
3. 2.21 13723 02
 
0. 11425 a:
Vt.1
 

7...
3. 17970 :h.
 

3. 442333
 

Figure F.2 IC chromatograms for C1 at 0.5 and 0.8 mg/L. 




